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FOREWORD 


Opinions,  interpretations,  conclusions  and  recommendations  are 
those  of  the  author  and  are  not  necessarily  endorsed  by  the  U.S. 
Army. 

_  Where  copyrighted  material  is  quoted,  permission  has  been 

obtained  to  use  such  material. 

_  Where  material  from  documents  designated  for  limited 

distribution  is  quoted,  permission  has  been  obtained  to  use  the 
material. 

_  Citations  of  commercial  organizations  and  trade  names  in  this 

report  do  not  constitute  an  official  Department  of  Army 
endorsement  or  approval  of  the  products  or  services  of  these 
organizations . 

X  In  conducting  research  using  animals,  the  investigator(s) 
adhered  to  the  “Guide  for  the  Care  and  Use  of  Laboratory 
Animals”,  prepared  by  the  Committee  on  Care  and  Use  of  Laboratory 
Animals  of  the  Institute  of  Laboratory  Resources,  National 
Research  Council  (NIH  Publication  NO.  86-23,  Revised  1985). 

N/A  for  the  protection  of  human  subjects,  the  investigator(s) 
adhered  to  the  policies  of  applicable  Federal  Law  45  CFR  46. 

N/A  In  conducting  research  utilizing  recombinant  DNA,  the 
investigator(s)  adhered  to  the  NIH  Guidelines  for  Research  Involving 
Recombinant  DNA  Molecules. 

N/A  In  the  conduct  of  research  involving  hazardous  organisms,  the 
investigator(s)  adhered  to  the  CDC-NIH  Guide  for  Biosafety  in 
Microbiological  and  Biomedical  Laboratories. 
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VI  INTRODUCTION 

1.  Overview  of  Work  Accomplished  during  the  2-Year  Funding  Period 

PC-3  cells  expressing  active  IGF-II  ribozymes  do  not  grow  or  are  prone  to  die  under  the 
serum-free  or  low  serum  whereas  PC-3  cells  expressing  the  inactive  ribozyme  or  vector 
only  grew  and  survived.  Inhibition  of  IGF-II/IGFIR  signaling  by  intracellular  expression 
of  IGF-II  ribozyme  reduced  endogenous  IGF-II  levels  only  to  ~40%  of  control  levels. 
Their  results  not  only  confirmed  our  hypothesis  that  IGF-II  plays  a  critical  role  in  prostate 
cancer  growth,  but  also  suggested  that  complete  inhibition  of  the  IGF-II/IGFIR  signaling 
cannot  be  achieved  since  this  signaling  is  absolutely  required  for  PC-3  cell  growth.  This 
is  most  likely  the  reason  why  we  were  not  able  to  isolate  stable  clones. 

Thus,  as  alternative,  we  tried  inducible  expression  system  and  retrovirus-mediated 
transfer  of  ribozymes  or  r/IGFTR  scFvs.  Inducible  or  transient  expression,  which  we 
planned  to  do,  did  not  work  out  well.  Stable  clones  expressing  active  and  inactive 
ribozymes  from  prostate  cancer  PC-3,  LNCaP,  DU145,  and  M12  infected  by  retrovirus 
were  then  isolated  and  characterized  (maniscript  in  preparation).  Prostate  cancer  cells 
expressing  alGFIR  scFvs  have  been  studied  by  a  new  collaborator,  Dr.  Sikes. 

2.  Hypothesis  and  Its  Supporting  Rationale 

Prostate  cancer  cells  could  escape  hormonal  control  by  constitutively  expressing  growth 
factors  such  as  insulin-like  growth  factors  (IGFs).  This  proposal  is  to  test  the  hypothesis 
that  IGF-I  I/IGF  receptor  signaling  plays  an  important  role  in  prostate  growth  and 
progression. 

3.  Objectives  and  Specific  Aims  of  the  Study 

RNA-  or  antibody-based  strategies  may  provide  novel  strategies  for  inhibiting  the 
expression  of  specific  gene  products  that  may  be  involved  in  prostate  cancer  cell  growth 
and  progression.  To  prove  the  proposed  hypothesis,  IGF-II  ribozymes  and  single-chain 
antibodies  against  the  IGF-I  receptor  (alGFIR  scFvs)  were  used.  Aim  1  tested  our 
hypothesis  using  already  available  PC-3  prostate  cancer  cell  transfectants  and  control 
cells.  Aim  2  took  alternative  approaches  towards  testing  our  hypothesis  and  developing 
novel  gene  and/or  immunotherapy  approaches  for  prostate  cancer  treatment. 

4.  Research  Design,  Study  Methods,  and  Number  of  Subjects  or  Samples  Studied 

We  have  used  stable,  inducible,  and  transient  expression  systems  to  characterize  the 
effect  of  IGF-II  ribozyme  or  alGFIR  scFvs  expression  in  prostate  cancer  cells. 

Prostate  cancer  cells  that  we  used  included  PC-3,  DU  145,  LNCaP,  Ml 2,  and  others. 

5.  Relevance  of  the  Proposed  Work  to  Prostate  Cancer  Research 

RNA-  or  antibody-based  strategies  targeting  growth  factors  in  prostate  cancer  have  never 
been  evaluated.  The  proposed  studies  should  thus  lay  the  foundation  for  the  development 
of  novel  strategies  for  prostate  cancer  treatment. 
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II  BODY 

Task  1.  To  evaluate  the  effect  of  intracellular  expression  of  IGF-II  ribozyme  and  alGFIR  scFvs  on 
cell  growth,  tumorigenesis,  and  apoptosis  in  cell  culture  and  athymic  mice  (Months  1-24) 

-  To  test  the  efficacy  of  the  ribozyme  expression  on  prostate  cancer  cell  growth  and  apoptosis 
(Months  1-12) 

We  evaluated  the  effect  of  the  IGF-II  ribozyme  expression  on  PC-3  cell  growth,  which  demonstrated 
that  PC-3  cells  expressing  the  ribozyme  do  not  grow  but  tend  to  die  under  the  serum-free  or  low 
serum  conditions  while  PC-3  cells  expressing  the  inactive  ribozyme  or  vector  only  grew  or  survive. 
This  demonstrated  that  IGF-II  ribozymes  were  able  to  lower  endogenous  IGF-II  mRNA  and  protein 
levels,  thereby  blocking  IGF-II/IGFIR  signaling  and  inhibiting  cell  growth,  which  has  been  published 
(l)(Xu  et  al..  Endocrinology,  140,  2134-2144,  1999;  see  Enclosure  Appendix  1). 

We  tried  to  evaluate  whether  PC-3  cells  expressing  the  IGF-II  ribozyme  are  prone  to  apoptosis.  The 
experiments  to  measure  apoptosis  in  general,  however,  did  not  work  well  in  our  laboratory.  Thus,  we 
stopped  pursuing  this  research  direction. 

-  To  test  the  efficacy  of  the  alGFIR  scFvs  expression  on  prostate  cancer  cell  growth  and 
apoptosis  (Months  1-12) 

We  lost  the  stable  PC-3  clones  expressing  alGFIR  scFvs  such  as  clones  19  and  26  shown  in  Fig.  3  of 
the  original  proposal.  We  attempted  to  isolate  new  stable  PC-3  clones  expressing  alGFIR  scFvs,  but 
failed  to  do  so.  Thus,  we  switched  our  strategy  from  stable  transfection  to  transient  transfection. 
During  the  2nd  year,  we  ceased  working  towards  this  aim  due  to  the  insufficiently  low  titer  of  our 
packaged  retrovirus. 

To  purify  and  characterize  soluble  alGFIR  scFv-Fc  (Months  1-6) 

A  manuscript  describing  purification  and  characterization  of  alGFIR  scFv-Fc  has  been  published 
(Appendix  2).  Briefly,  alGFIR  scFv-Fc  containing  the  human  IgG|  Fc  domain  was  stably  expressed 
in  NSO  myeloma  cells  using  a  gluytamine  synthase  selection  system,  and  purified  from  the 
conditioned  medium  of  stable  clones  by  protein  A-agrarose  chromatography.  Levels  of  alGFIR 
scFv-Fc  expression  ranged  from  40  mg/1  to  100  mg/1  of  conditioned  media.  To  date,  we  have 
purified  nearly  600  mg  of  the  soluble  alGFIR  scFv-Fc,  which  has  been  used  to  characterize  the 
effect  of  IGF  signaling  in  cancer  growth  in  vitro  and  in  vivo.  SDS-PAGE  analysis  under  reducing 
and  nonreducing  conditions  indicated  that  alGFIR  scFv-Fc  is  a  dimeric  antibody  (2).  alGFIR  scFv- 
Fc  retained  general  characteristics  of  the  parental  1H7  monoclonal  antibody  except  that  its  binding 
affinity  for  IGFIR  was  estimated  to  be  -10s  M  ',  which  was  one-order  of  magnitude  lower  than  that 
of  1H7  monoclonal  antibody. 

-  To  test  the  effect  of  the  intracellular  ribozyme  expression  on  tumorigenesis  and  apoptosis  in 
athymic  mice  (Months  6-24) 

Effects  of  intracellular  ribozyme  expression  on  tumorigenesis  have  been  measured  using  PC-3  cells 
expressing  ribozymes,  control  vector,  and  parental  PC-3  cells  in  athymic  nude  mice.  Of  those 
described  in  our  ribozyme  paper,  we  found  that  R4  and  R6  lost  the  ribozyme  expression  while  R39 
was  still  expressing  the  ribozyme. 

Tumor  growth  of  PC-3  cells  expressing  Rz  or  vector  and  parental  PC-3  cells  is  shown  in  Figures  1 
and  2  (Appendix  4  and  5).  The  results  repeatedly  indicated  that  Rz-expressing  PC-3  clones, 
especially  Rz,  appear  to  grow  in  vivo  more  aggressively  than  control  vector  or  parental  PC-3  cells. 
These  results  are  contrary  to  those  of  the  in  vitro  cell  growth  experiments  in  which  we  showed  that 
Rz-expressing  PC-3  clones  do  not  grow  well  as  control  PC-3  cells  (1).  In  order  to  investigate  this 
unexpected  result  we  obtained,  we  are  collaborating  with  Dr.  Daisy  De  Leon,  Loma  Linda  University. 
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To  test  the  effect  of  the  intracellular  alGFIR  scFvs  expression  on  tumorigenesis  and  apoptosis 
in  athvmic  mice  (Months  6-24) 

Since  we  were  not  able  to  obtain  stable  PC-3  transfectants  expressing  alGFIR  scFvs  to  evaluate  the 
effect  of  the  intracellular  alGFIR  scFvs  expression  on  tumorigenesis  and  apoptosis,  we  first  examined 
the  effect  of  extracellular  addition  of  alGFIR  scFv-Fc  on  PC-3  tumor  growth  in  athymic  mice.  We 
did  not  find  the  significant  effect  of  extracellular  addition  of  alGFIR  scFv-Fc  on  PC-3  tumor  growth 
in  athymic  mice  (Fig.  8  in  Appendix  2)  while  breast  cancer  MCF-7  tumor  growth  was  significantly 
inhibited  in  vivo  under  the  same  conditions  (Fig.  7  in  Appendix  2).  We  reason  that  this  difference  is 
due  to  the  level  of  IGFIR  expression  which  influences  IGF  dependency  of  the  cancer  cells. 

Task  2.  To  construct  and  evaluate  alternative  ribozymes  and  scFvs  (Months  13-30) 

-  To  construct  and  express  alternative  IGF-II  ribozymes  (Months  13-24) 

Retrovirus-mediated  transfer  to  three  prostate  cancer  cell  lines  PC-3,  LNCaP,  and  M12  has  been 
carried  out  to  compare  the  effect  of  Rz  or  inactive  Rz  expression  on  prostate  cancer  cell  growth 
(manuscript  in  preparation). 

To  construct  and  express  additional  alGFIR  scFvs  (Months  13-30) 

Retrovirus-mediated  transfer  of  prostate  cancer  cell  lines  has  been  carried  out  to  compare  the  effect  of 
scFvs  expression  on  prostate  cancer  cell  growth.  However,  we  did  not  get  good  results  (See 
Alternative  Task). 

-  To  evaluate  alternative  IGF-II  ribozymes  in  cell  culture  (Months  18-30) 

This  part  has  not  been  started. 

Alternative  task 

Collaboration  with  Dr.  Robert  Sikes  of  University  of  Virginia  Health  System,  Molecular  Urology  and 
Therapeutics  Program,  Dept,  of  Urology  has  begun.  Dr.  Sikes  has  transduced  LNCaP,  C4-2,  PC-3, 
PC-3M,  DU  145,  and  P69  cells.  He  will  evaluate  the  effect  of  ER-retained  form  of  alGFIR  scFv  on 
prostate  cancer  progression. 

Ill  CONCLUSIONS 

Intracellular  expression  of  an  active  IGF-II  ribozyme  suppressed  endogenous  IGF-II  mRNA  and 
protein  levels,  and  thereby  inhibited  prostate  cancer  PC-3  cell  growth.  This  result  is  consistent  with 
our  hypothesis  that  IGF-II  plays  a  critical  role  in  prostate  cancer  cell  growth. 

We  have  thus  far  failed  to  obtain  stable  PC-3  cell  transfectants  expressing  alGFIR  scFvs.  In  addition, 
inhibition  of  IGF-II/IGFIR  signaling  by  intracellular  expression  of  IGF-II  ribozyme  reduced 
endogenous  IGF-II  levels  only  to  -40%  of  the  control  levels,  which  resulted  in  cell  growth  inhibition. 
The  results  not  only  confirmed  our  hypothesis,  but  also  suggested  that  complete  inhibition  of  the  IGF- 
II/IGFIR  signaling  cannot  be  achieved  since  this  signaling  is  absolutely  required  for  PC-3  cell 
growth. 

Our  focus  for  the  2nd  year  was  the  retrovirus-mediated  transient  expression  of  IGF-II  ribozyme  and 
alGFIR  scFvs  to  three  prostate  cancer  cell  lines  in  order  to  test  the  effect  of  IGF-II  ribozyme  or 
alGFIR  scFvs  expression  on  cell  growth.  As  described  above,  this  part  of  the  project  was  ongoing 
when  P.I.  made  the  decision  to  accept  the  offered  position  at  Tokai  University  in  Japan.  Thus,  a  new 
collaboration  with  Dr.  Sikes  has  started.  As  of  August  2000,  this  project  is  still  ongoing  and  making 
progress  (Appendix  6). 


7 


IV  REPORTABLE  OUTCOMES 


P.T.:  Yoko  Fujita-Yamaguchi 


Appendix  1.  Xu,  Z.D.,  Oey,  L.,  Mohan,  S.,  Kawachi,  M.H.,  Lee,  N-S.,  Rossi,  J.J.,  and  Fujita- 
Yamaguchi,  Y.  Hammerhead  ribozyme-mediated  cleavage  of  the  human  insulin-like  growth  Factor- 
II  Ribonucleic  Acid  in  vitro  and  in  prostate  cancer  cells.  Endocrinology  140,  2134-2144,  1999 

Appendix  2.  Li,  S.L.,  Liang,  S.J.,  Guo,  N.,  Wu,  A.M.,  and  Fujita-Yamaguchi,  Y.  Single  chain 
antibodies  against  human  insulin  like  growth  factor-I  receptor:  Expression,  purification,  and  effect  on 
tumor  growth.  Cancer  Immunol.  Immunother.  49,  243-252,  2000 

Appendix  3.  Fichera,  E.,  Liang,  SJ.,  Xu,  Z.D.,  Guo,  N.,  Mineo,  R.,  and  Fujita-Yamaguchi,  Y.  A 
quantitative  reverse  transcription  and  polymerase  chain  reaction  assay  for  human  IGF-II  allows  direct 
comparison  of  IGF-II  mRNA  levels  in  cancerous  breast,  bladder,  and  prostate  tissues.  Growth 
Hormone  &  IGF  Res.  10,  61-70,  2000 

Appendix  4.  Mineo,  R.,  Fichera,  E.,  Liang,  S.J.,  and  Fujita-Yamaguchi,  Y.  Promoter  usage  for 
insulin-like  growth  Factor-II  in  cancerous  and  benign  human  breast,  prostate,  and  bladder  tissues,  and 
confirmation  of  a  10th  exon.  Biochem.  Biophys.  Res.  Comm,  268,  886-892,  2000 


Oral  and  Poster  Presentations: 

•  1 1th  International  Conference  of  Women  Engineers  and  Scientists.  Science  and  Technology  for 
Global  Ecology,  “Application  of  biotechnology  to  the  treatment  of  cancer.”  Chiba,  Japan,  July 
24-27,  1999. 

•  Fujita-Yamaguchi, Y.,  Guo,  N.,  Wu,  A.M.,  Rossi,  J.J.,  and  Li,  S.L.  Biochemistry  and  Molecular 
Biology  ’99  (ASBMB).  “Inhibition  of  breast  and  prostate  cancer  cell  growth  by  IGF-II  ribozymes 
and  IGF-I  receptor  single  chain  antibodies”.  San  Francisco,  CA,  May  16-20,  2000. 

•  Mineo,  R.,  Xu,  Z.D.,  Liang,  S.J.,  and  Fujita-Yamaguchi,  Y.  ENDO  81st  Annual  Meeting,  San 
Diego,  CA.  “IGF-II  levels  and  promoter  usage  in  malignant  and  benign  human  breast,  prostate, 
and  bladder  tissues.”  June  12-15,  1999. 

•  Fichera,  E.,  Mineo,  R.,  Liang,  S.J.,  and  Fujita-Yamaguchi,  Y.  5,h  International  Symposium  on 
Insulin-like  Growth  Factors,  Brighton,  UK.  “Insulin-like  growth  factor-II  promoter  usage  and 
utilization  of  an  additional  exon  4b  in  malignant  and  benign  human  breast,  prostate,  and  bladder 
tissues. 
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ABSTRACT 

Insulin-like  growth  factor  (IGF)-II  plays  an  important  role  in  fetal 
growth  and  development.  IGFs  are  potent  mitogens  for  a  variety  of 
cancer  cells.  A  paracrine/autocrine  role  of  IGF-II  in  the  growth  of 
breast  and  prostate  cancer  cells  has  been  suggested.  To  test  the  role 
of  IGF-II  in  cancer  cell  growth,  hammerhead  ribozymes  targeted  to 
human  IGF-II  RNA  were  constructed.  Single  (R)-  and  double  (RR)~ 
ribozymes  were  catalytically  active  in  vitro  whereas  mutant  ri¬ 
bozymes  (M  or  MM)  did  not  cleave  IGF-II  RNA.  RR  was  more  active 
than  R.  In  human  prostate  cancer  PC-3  cells,  both  R  and  RR  similarly 


suppressed  IGF-II  messenger  RNA  (mRNA)  levels  (—40%)  compared 
with  the  level  in  parental  or  M-expressing  PC-3  cells.  Polymerase  II 
and  III  promoter-driven  R  similarly  suppressed  IGF-II  mRNA  levels. 
Suppression  of  IGF-II  mRNA  levels  by  R  was  associated  with  sup¬ 
pression  of  IGF-II  protein  levels.  R-  (or  RR-)  expressing  PC-3  cells  did 
not  grow  under  serum-starved  conditions  and  showed  prolonged  dou¬ 
bling  times  in  the  presence  of  10%  FCS  compared  with  those  of  pa¬ 
rental  or  M-expressing  cells.  These  results  substantiated  that  IGF-II 
plays  a  critical  role  in  prostate  cancer  cell  growth.  (. Endocrinology  140: 
2134-2144,  1999) 


CANCER  arises  as  a  result  of  a  series  of  molecular  al¬ 
terations  in  normal  cells  including  up-regulation  of 
growth  factors  that  could  facilitate  uncontrolled  cell  growth. 
Insulin-like  growth  factor  (IGF)-I  and  -II  are  important  mi¬ 
togens  for  a  variety  of  cancer  cells  (1).  The  mitogenic  actions 
of  both  IGF-I  and  -II  are  mediated  via  the  IGF-I  receptor 
(2-4).  IGF-II  also  binds  to  the  IGF-II /mannose-6  phosphate 
receptor  and  insulin  receptor  with  high  affinity  while  IGF-I 
binds  to  these  receptors  with  low  affinity.  In  addition,  IGF- 
binding  proteins  bind  IGFs  with  high  affinity  (5)  and  mod¬ 
ulate  IGF  actions  in  both  a  positive  and  negative  manner. 
Thus,  the  activity  of  IGFs  in  the  local  tissues  depend,  not  only 
on  the  amount  of  IGFs  produced,  but  also  on  the  type  and 
amount  of  IGF  system  components  present. 

IGF-II  is  a  7.5-kDa  single-chain  polypeptide  of  67  amino 
acid  residues,  which  is  processed  from  its  precursor  (6). 
Previous  studies  suggested  that  an  incompletely  processed 
form  of  15-kDa  IGF-II  is  expressed  more  abundantly  than  the 
7.5-kDa  form  in  many  cancers  (1,  7-9).  The  15-kDa  form  of 
human  IGF-II  was  shown  to  have  a  mitogenic  potency 
greater  than  that  of  7.5  kDa  (10).  We  showed  that  of  36 
prostate,  17  breast,  10  bladder  cancers,  and  9  paraganglioma 
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tissues  examined,  IGF-II  was  expressed  in  more  than  50%  of 
prostate,  breast,  and  bladder  tumors,  and  in  100%  of  para¬ 
ganglioma  tumors  (9).  Greater  expression  of  the  15-kDa 
IGF-II  relative  to  the  7.5-kDa  IGF-II  form  was  clearly  dem¬ 
onstrated  in  all  six  prostate  cancers  and  in  one  of  the  two 
breast  and  two  of  the  four  bladder  cancers  examined  (9).  The 
results  are  consistent  with  the  hypothesis  that  the  15-kDa 
form  of  IGF-II  expressed  in  cancerous  cells  contributes  to 
autocrine  cancer  cell  growth  in  vivo. 

Evidence  is  accumulating  that  an  enhanced  IGF/IGF-I  re¬ 
ceptor  (IGFIR)  signaling  leads  to  increased  cancer  cell  pro¬ 
liferation  and  tumorigenesis  as  well  as  antiapoptotic  effects 
(11,  12).  For  example,  it  has  been  demonstrated  in  experi¬ 
mental  systems  that  overexpression  of  human  IGFIR  pro¬ 
motes  ligand-induced  neoplastic  transformation  (13)  and  tu¬ 
morigenesis  (14)  in  the  presence  of  an  active  protein  tyrosine 
kinase.  An  important  role  of  IGFIR  in  mediating  c-Myc- 
induced  apoptosis  of  fibroblasts  in  low  serum  medium  was 
first  reported  (15).  Since  then,  a  series  of  studies  supporting 
the  antiapoptotic  role  of  IGFIR  in  cancer  cells  have  been 
published  (16-18).  In  brief,  reduction  of  the  number  of  IGFIR 
by  introduction  of  antisense  IGFIR  cDNA  caused  extensive 
apoptosis  in  vivo  in  several  transplantable  human  or  rodent 
tumors  (16). 

In  the  case  of  prostate  cancer,  it  was  originally  reported 
that  IGF-I  is  responsible  for  autocrine  growth  of  human 
prostate  cancer  cell  lines  including  androgen-dependent 
LNCaP  as  well  as  hormone-independent  DU145  and  PC-3 
cells  (19).  We  and  others  more  recently  showed  that  IGF-II, 
but  not  IGF-I,  is  produced  in  those  established  human  pros¬ 
tate  cancer  cell  lines  and  suggested  an  autocrine  regulation 
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of  DU145  and  PC-3  cell  growth  by  IGF-II  (20-22).  Further¬ 
more,  recent  studies  using  in  situ  hybridization  and  immu- 
nohistochemistry  indicated  that  epithelial  cells  rather  than 
stromal  cells  in  prostate  tumors  express  IGF-II  in  vivo  (9, 23). 
These  data  provided  the  basis  for  using  prostate  cancer  as  a 
model  to  test  the  hypothesis  that  cancer  cell  growth  may  be 
regulated  by  IGF-II  in  an  autocrine  manner. 

Blockage  of  IGF-II/IGFIR  signaling  and  subsequent  effects 
on  cell  growth,  transformation,  and  tumorigenicity  have 
been  reported.  Examples  of  strategies  to  block  IGF-II/IGFIR 
signaling  include  1)  inhibition  of  IGF-II  expression  by  anti- 
sense  oligonucleotides  or  RNAs  (24-26);  2)  inhibition  of 
IGFIR  expression  by  antisense  oligonucleotides  or  RNAs  (19, 
27-28);  3)  blockage  of  IGFIR  by  IGFIR  monoclonal  antibody 
such  as  aTR-3  (29,  30);  and  4)  blockage  of  IGF-mediated 
growth  by  IGF-binding  proteins  (20, 31).  In  addition,  a  num¬ 
ber  of  anticancer  drug  agents  have  been  shown  to  work,  at 
least  in  part,  by  suppression  of  IGFIR  action.  For  instance, 
suramin  administration  to  breast,  lung,  and  prostate  cancer 
patients  significantly  reduced  IGF-I  and  -II  serum  levels  (32). 
Similarly,  the  antiestrogen  tamoxifen  has  a  powerful  cyto¬ 
static  effect  in  breast  cancer  cells,  which  in  part  is  due  to  its 
inhibitory  effect  on  the  IGF-I/IGFIR  axis  (33). 

Ribozymes  (RZs)  are  RNA  enzymes  that  specifically  cleave 
their  respective  target  RNAs,  thereby  inhibiting  the  expres¬ 
sion  of  specific  gene  products.  Hammerhead-type  RZs  work 
in  cis  (intramolecularly)  in  nature,  but  separation  of  ds-acting 
RZs  into  two  RNA  fragments  can  convert  them  into  trans¬ 
acting  RNAs  capable  of  site-specific  cleavage  of  substrate 
RNAs.  In  the  last  15  yr,  RZs  have  progressed  from  an  in¬ 
triguing  subject  of  scientific  study  to  therapeutic  agents  for 
the  potential  treatment  of  both  acquired  and  inherited  dis¬ 
eases  (34).  It  is  becoming  increasingly  evident  that  RZs  can 
serve  the  duel  function  of  a  tool  to  elucidate  the  functional 
roles  of  many  gene  products  as  well  as  therapeutic  agents 
designed  to  functionally  destroy  deleterious  RNAs.  Suppres¬ 
sion  of  IGF-II  expression  by  IGF-II-specific  RZs  in  cells  has 
never  been  reported.  We  thus  constructed  catalytically  active 
IGF-II  RZs  and  expressed  them  intracellularly  in  human 
prostate  cancer  PC-3  cells. 

Materials  and  Methods 

Design  and  construction  of  IGF-II  RZs 

Two  hammerhead  RZs  were  designed  and  constructed  to  be  com¬ 
plementary  to  the  sequence  near  the  translation  initiation  site  of  human 
prepro-IGF-II  mRNA  at  nucleotides  16-30  and  16-46,  respectively  (35) 
(Fig.  1).  As  controls,  activity  of  RZ  was  inactivated  by  introducing  a  point 
mutation  of  G  to  A  in  the  catalytic  core  as  shown  in  Fig.  1,  Template 
DNAs  for  RZs  and  mutant  RZs  were  prepared  by  filling  in  the  opposite 
strands  of  two  overlapping  oligonucleotides  by  PCR.  The  oligonucleo¬ 
tides  used  for  construction  of  the  single  ribozyme  were  5'-ACGCGTC- 
G ACC AGCATCCT (A/G) ATGAGTCCGIGAGG-3'  (34  bases)  and  5'- 
GCTCT AG AGCGGGGAAGTTTCGTCCTC ACGG ACTC-3 /  (35  bases), 
which  contained  restriction  enzyme  Sail  and  Xbal  sites,  respectively.  The 
primers  for  the  double  RZs  were  5 ' -ACGCGTCG  AC  AG  AAGGTCT  (A/ 
GlATGAGTCCGTGAGGACGAAAGAAGCACCAGCAT-3/  (53  bases) 
and  5  'GCTCT  AG  AGCGGG  AAGTTT  CGTCCTC  ACGG  ACTC  AT  (C  / 
T)AGGATGCTGGTGCTT-3'  (52  bases),  which  contained  restriction  en¬ 
zyme  Sail  and  Xbal  sites,  respectively.  For  both  single  and  double  RZs,  the 
sequences  that  are  complementary  are  underlined.  Note  that  the  position 
indicated  as  (/)  represents  equal  ratios  of  both  nucleotides  incorporated  to 
generate  both  active  and  inactive  (mutant)  RZ  at  the  same  time.  The  tem¬ 
plate  DNAs  for  single  and  double  RZ  were  prepared  by  five  cycles  of  PCR 
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Fig.  1.  Structure  of  the  hammerhead  RZ  and  target  human  IGF-II 
RNA.  Secondary  structures  of  single  and  double  RZs  and  IGF-II  sub¬ 
strate  RNA  are  illustrated.  Cleavage  of  the  IGF-II  substrate  occurs  at 
3'  of  the  GUC  or  CUC  as  indicated  with  | .  To  produce  an  inactivated 
RZ,  a  highly  conserved  base,  G5,  in  the  catalytic  domain,  which  is 
required  for  cleavage,  was  mutated  to  A  as  shown  (G  — >  A). 

of  94  C  for  1  min,  37  C  for  1.5  min,  and  72  C  for  1.5  min,  and  five  cycles  of 
PCR  of  94  C  for  1  min,  33  C  for  1.5  min,  and  72  C  for  0.5  min,  respectively. 
After  the  PCR,  the  quality  of  PCR  products  was  examined  by  PAGE.  The 
PCR  products  were  cleaned  up,  digested  with  Sail  and  Xbal,  and  subcloned 
into  die  Sail /Xbal  sites  of  pTZU6  +  27  vector,  which  contained  the  human 
U6  promoter  and  pUC19  multiple  cloning  site  (36).  After  the  ligation  re¬ 
action  was  carried  out,  the  ligation  products  were  electroporated  into  Esch¬ 
erichia  coli  XL-1  blue  cells.  The  bacteria  were  plated  on  the  LB  agar  con¬ 
taining  ampicillin,  X-gal,  and  isopropyl-/3-D-thiogalactopyranoside. 
Plasmids  were  prepared  from  white  colonies,  and  colonies  containing  the 
correct  inserts  were  identified  by  Sail/ Xbal  digestion  and  gel  electrophore¬ 
sis.  To  confirm  authenticity  of  the  RZs,  plasmid  DNAs  were  prepared  and 
subjected  to  Southern  blot  analysis  and  DNA  sequencing.  Clones  express¬ 
ing  single  RZ  (R)  and  its  mutant  (M,  an  inactive  RZ  in  which  a  point 
mutation  of  G5  to  A  is  introduced),  and  double  RZ  (RR),  its  mutant  (MM), 
and  double  RZ  with  one  mutant,  RM  or  MR,  were  isolated.  These  plasmids, 
pTZU6+27/RZ,  were  used  for  both  in  vitro  transcription  of  RZ  as  well  as 
RNA  polymerase  (pol)  IE-driven  expression  of  the  RZ  in  mammalian  cells. 

Overlapping  oligonucleotides  that  contained  Hin  dill  or  Xbal  sites 
were  used  to  produce  R  or  M,  which  was  subcloned  into  Hindlll/Xbal 
sites  of  pcDNA3  (pcDNA3/RZ).  The  primers  used  were;  5'-GCTCTA- 
G AGCGGGG A AGTTTCGTCCTCACGGACIC-3 '  and  5'-CCCAAGCT- 
TGGGC AGCATCCT ( A  /  G1 ATG  AGTCCGTG  AGG-3 ' .  in  which  comple¬ 
mentary  sequences  are  underlined.  The  template  DNAs  for  R  or  M  were 
prepared  as  described  for  pTZU6  +  27. 


Subcloning  of  IGF-II  substrate 

To  test  the  in  vitro  cleavage  efficiencies  of  the  RZs,  a  substrate  human 
IGF-II  RNA  [-6  to  +74, 80  nucleotides  (nt)]  was  prepared  by  subcloning 
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a  small  fragment  of  IGF-II  cDNA  into  pBluescriptll  KS(+)  (Stratagene, 
San  Diego,  CA).  A  DNA  template  for  the  IGF-II  RNA  was  prepared  by 
PCR  from  the  full-length  IGF-II  cDNA  (9).  The  primers  used  for  the  PCR 
were:  5'-CGGAATTCCGACACCAATGGGAATCCC-3'  and  5'-CGG- 
GATCCCGGCAGGC  AGCAATGCAGCACGA3-',  which  contained  a 
restriction  enzyme  site,  BamHl  and  EcoRI,  respectively.  PCR  was  per¬ 
formed  as  follows:  95  C  for  3  min,  and  then  30-cycle  amplification  of  95 
C  for  1  min  (denaturing),  55  C  for  1  min  (annealing),  and  72  C  for  1  min 
(extension). 

The  PCR  product,  digested  with  BamHl  and  EcoRI,  was  ligated  into 
pBluescript  KS.  Transformation  of  the  ligation  mixture  was  achieved  by 
electroporation.  Briefly,  3  /xl  of  the  ligation  mixture  were  electroporated 
into  E.  coli  XL1  blue  cells.  After  LB  was  added,  the  bacteria  were  incu¬ 
bated  at  37  C  for  1  h  to  allow  the  antibiotic-gene  express,  and  then  plated 
on  LB/ 1.5%  agar  containing  100  /xg/ml  Ampicillin,  which  had  been 
layered  with  100  /xl  of  0.05%  X-gal  and  75  mM  IPTG,  and  grown  at  37 
C  overnight.  Plasmids  were  prepared  from  white  colonies  and  their 
inserts  were  examined  by  BamHl/ EcoRI  double  digestion  and  gel  elec¬ 
trophoresis.  Colonies  containing  the  right-size  insert  were  selected.  To 
confirm  the  authenticity  of  the  IGF-II  substrate  sequence,  plasmid  DNAs 
were  subjected  to  DNA  sequencing. 

Preparation  of  IGF-II  mRNA  substrate  by  in  vitro 
transcription 

The  plasmids  that  contained  the  IGF-II  substrate  (-6  to  +74)  and  the 
full-length  IGF-II  were  linearized  by  BamHl  digestion  and  used  as  tem¬ 
plates  for  in  vitro  transcription.  Transcription  reactions  were  carried  out 
at  37  C  for  1  h  in  40  mM  Tris-HCI  buffer,  pH  7.9,  containing  ~0.2  /xg  DNA 
template,  0.5  U//xl  of  T3  RNA  pol,  20  mM  MgCl2, 10  mM  NaCl,  10  mM 
dithiothreitol,  0.5  mM  each  of  ATP,  GTP,  and  uridine  triphosphate,  0.05 
mM  cytidine  triphosphate  (CTP),  10  /xCi  of  [a-32P]CTP,  and  1  U/ /xl  of 
RNasin  (Promega  Corp.,  Madison,  WI).  After  transcription,  the  RNAs 
were  treated  with  RNase-free  DNase  I  for  15  min  and  purified  by 
electrophoresis  in  a  6%  denaturing  polyacrylamide  gel  for  1  h  at  200  V. 
Before  purification,  a  small  aliquot  of  RNAs  was  removed  to  use  for 
calculation  of  the  specific  activity.  After  electrophoresis,  the  gel  was 
exposed  to  a  Kodak  XRP  film  (Eastman  Kodak  Co.,  Rochester,  NY)  for 
1  min  and  the  film  was  developed.  The  region  of  the  gel  containing  the 
desired  RNA  band  was  excised  and  crushed  into  fine  pieces.  The  IGF-II 
substrate  RNA  was  eluted  in  an  elution  buffer  overnight.  The  aqueous 
phase  was  removed  and  mixed  with  phenol-chloroform-isoamyl  alcohol 
(25:24:1)  to  extract  the  RNA.  The  substrate  RNA  was  precipitated  with 
ethanol,  redissolved  in  20  /xl  diethyl  pyrocarbonate-treated  HzO,  and 
stored  at  —75  C. 

In  vitro  transcription  of  RZs 

The  pTZU6+27/RZ  plasmids  were  linerarized  by  Xbal  digestion  and 
used  as  templates  for  transcription  of  IGF-II  RZ  as  described  for  sub¬ 
strate  RNA  preparation  with  two  exceptions:  only  a  trace  amount  of  the 
radioisotope  was  used  and  T7  RNA  pol  was  used  instead  of  T3  RNA  pol. 

In  vitro  RZ  cleavage  assays 

RZ  assays  were  performed  according  to  the  methods  previously 
described  (37, 38).  Briefly,  RZs  and  substrate  were  heated  independently 
for  1  min  at  90  C  in  10  /x  1  of  water.  After  cooling  to  25  C,  the  reaction 
buffer  was  added  to  a  final  concentration  of  10  mM  MgCl2, 140  mM  KC1, 
and  50  mM  Tris-HCI,  pH  7.5.  RZs  and  substrate  were  then  combined  and 
incubated  at  37  C.  The  reaction  was  stopped  by  adding  an  equal  volume 
of  stop  solution  (0.5%  of  SDS/25  mM  EDTA)  and  then  100  (jl\  of  phenol. 
The  aqueous  phase  was  brought  to  100  pi  After  vortexing,  the  aqueous 
phase  was  removed  and  the  RNAs  were  precipitated  with  ethanol.  The 
RNAs  were  analyzed  by  6%  polyacrylamide/ 8  m  urea  gel  electrophore¬ 
sis.  Radioactive  bands  were  visualized  by  autoradiography  and  quan¬ 
titated  by  a  Phosphorlmager  (Molecular  Dynamics,  Inc.). 

The  single  turnover  experiments  using  RZ  excess  over  substrate  were 
carried  out  to  determine  the  first-order  rate  constant  for  cleavage  of  the 
substrate  (39).  The  initial  cleavage  velocities  under  single-turnover  con¬ 
ditions  were  determined  at  a  constant  substrate  concentration  of  1  nM 
and  varying  RZ  concentrations.  Reaction  mixtures  (10  /xl)  containing  0, 
2.5,  5,  10,  20,  30,  and  40  nM  RZ  and  the  substrate  RNA  (at  a  final 


concentration  of  1  nM)  were  incubated  at  37  C  for  2  h.  The  reaction  was 
stopped  by  the  addition  of  10  pi  of  the  stop  solution  and  analyzed  by 
PAGE  as  described  above.  Kcat/Km  values  were  obtained  by  plotting  the 
remaining  fraction  of  the  32P-labeled  substrate  RNA  (Frac  S)  against  the 
ribozyme  concentration  ([RE])  according  to  the  following  equation  k  = 
-  In  (FracS)/t  =  [RE]  X  kcat/Km  where  k  is  the  observed  reaction  rate 
and  t  is  the  reaction  time  of  2  h. 


Cell  culture  and  transfections 

Human  prostate  cancer  PC-3  cells  were  transfected  with 
pTZU6+27/RZ  or  pcDNA3/RZ.  The  calcium-phosphate  precipitation 
method  was  used  to  cotransfect  PC-3  cells  with  pTZU6+27/RZ  expres¬ 
sion  and  neo  vectors  (40).  Briefly,  24  h  before  transfection,  exponentially 
growing  cells  were  harvested  by  trypsinization  and  replated  into  90-mm 
tissue  culture  dishes.  Ten  milliliters  of  RPMI 1640  medium  with  10%  FCS 
were  added,  and  cells  were  incubated  overnight  at  37  C  in  a  humidified 
incubator  in  an  atmosphere  to  5%  C02.  To  those  cells,  were  added  0.5 
ml  of  0.25  m  CaCl2  containing  18  /xg  of  superhelical  plasmid  RZ  DNA, 
2  /xg  neo  Vector  DNA,  and  0.5  ml  of  2  X  PBS-buffered  saline.  The  cells 
were  incubated  for  15  min  at  room  temperature.  RPMI  1640  medium 
with  10%  FCS  was  added  dropwise  to  the  cells  in  the  dishes,  which  were 
gently  swirled.  The  cells  were  incubated  for  16  h  at  37  C  in  a  humidified 
incubator  in  an  atmosphere  of  3%  C02.  The  medium  was  removed  by 
aspiration,  and  cells  were  rinsed  twice  with  medium.  Ten  milliliters  of 
fresh  medium  were  added,  and  cells  were  incubated  for  24  h  at  37  C  in 
a  humidified  incubator  in  an  atmosphere  of  5%  C02.  After  24  h  incu¬ 
bation  in  nonselective  medium  to  allow  expression  of  the  transferred 
genes  to  occur,  the  cells  were  trypsinized  and  replated  in  medium 
containing  600  /xg/ml  of  G418.  The  medium  was  changed  every  3  days 
for  4  weeks  to  remove  the  debris  of  dead  cells  and  to  allow  colonies  of 
G418-resistant  cells  to  grow. 

For  the  RNA  pol  II-driven  RZ  expression  system,  PC-3  cells  were 
transfected  by  electroporation.  Cells  were  grown  to  70%  confluence, 
trypsinized  for  2  min,  centrifuged  in  the  table-top  centrifuge,  and  re¬ 
suspended  in  PBS  buffer  at  a  cell  density  of  5  X  106  cells  per  ml.  This 
suspension  was  preincubated  with  5-20  /xg  of  DNA  in  800  /xl  of  PBS 
buffer  on  ice  for  10  min  with  mixing,  transferred  to  a  cuvette,  and 
immediately  pulsed  with  the  following  settings:  capacitance,  800  ^Far¬ 
ads;  resistance  (R4),  R4  (72  ohm);  and  charging  voltage,  350  V.  A  4-mm 
gap  chamber  was  used  in  a  BTX  electroporator  (San  Diego,  CA).  After 
pulsing,  the  cells  were  left  in  ice  for  10  min,  transferred  into  the  Petri 
dish,  and  cultured  in  the  medium  containing  600  /xg/ml  of  G418  for  at 
least  1  month. 


Detection  of  IGF-II  RZs  expressed  in  PC-3  cells 

RZ  expression  in  G418-resistant  clones  was  confirmed  by  RT-PCR.  A  set 
of  primers  for  detection  of  RZ  prepared  were  5'-primer,  5'-TCGCTTCG- 
GCAGCACGTCGAC-3',  containing  a  sequence  corresponding  to  tire  junc¬ 
tion  between  U6  promoter  and  the  RZ,  and  3 '-primer,  S'-GGGAAGTD 
TCGTCCTC ACGG A-3 ' ,  containing  a  sequence  of  the  catalytic  stem 
underlined.  RT  reaction  was  performed  at  37  C  for  45  min  by  mixing  4  /xg 
of  total  RNA  from  the  PC-3  transformants  with  10  pmol  of  the  3 '-primer 
in  50  mM  Tris-HCI,  pH  7.5,  containing  10  mM  dithiothreitol,  75  mM  KC1, 3 
mM  MgCl2, 1  mM  of  each  deoxynucleoside  triphospate,  800  U  of  Moloney 
murine  leukemia  virus  reverse  transcriptase,  and  20  U  of  RNasin.  RT 
reaction  products,  equivalent  to  1  /xg  of  total  RNA  from  each  clone,  were 
processed  through  30  cycles  of  PCR  with  denaturation  at  94  C  for  1  min, 
annealing  at  47  C  for  2  min,  and  synthesis  at  72  C  for  3  min,  in  a  final  volume 
of  20  /xl.  One  half  of  the  reaction  product  was  analyzed  in  2%  agarose  gel, 
stained  with  EtBr,  and  blotted  onto  a  nylon  membrane.  The  blot  was 
hybridized  with  a  specific  32P-labeled  oligonucleotide  probe,  5'-TGGTC 
GTAGGACTACTCA-3'  (underline  and  bold  indicate  the  complementary 
sequence  to  the  catalytic  stem  and  the  position  mutated  in  M,  respectively) 
at  54  C  for  16  h  in  6  X  SSC,  5X  Denhardt's  solution,  1%  SDS,  and  100  /xg/ ml 
herring-sperm  DNA.  The  membrane  was  washed  three  times  in  2X  SSC 
and  0.1%  SDS  for  30  min  at  51 C.  The  bands  hybridized  with  the  ribozyme- 
specific  probe  were  visualized  by  autoradiography.  For  detection  of  RZ  in 
pcDNA3/RZ  clones,  PT-PCR  was  performed  under  the  same  conditions  as 
above  using  5 '-primer,  5'-CCCACTGCTTACTGGCTTATCGA-3',  and  3'- 
primer,  5'-GGACAGTGGGAGTGGCACCTTC-3'. 
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Quantitation  of  IGF-II  mRNA  levels  in  PC -3  cells  by 
quantitative  competitive  (QC)-PCR 

The  5'-  and  3'-primers  used  to  detect  RZ-mediated  cleavage  of  IGF-II 
RNA  in  cells  were  5'-CCAGCACCAATGGGAAT  CCCAATGGG- 
GAAG-3'  (-10  to  +21)  and  5  '-GTATCTGGGGAAGTTGTCCGG  AAG- 
CAC  GGTC-3'  (+294  to  +324),  respectively.  pBluescript  KS/IGF2, 
pBluescriptll  KS(+)  (Stratagene,  La  Jolla,  CA)  containing  approximately 
1  kb  EcoRI  fragment  encoding  the  human  precursor  IGF-II  (911-2067  nt) 
(9)  was  used  to  generate  a  new  plasmid  that  encodes  a  competitor  IGF-II 
sequence.  Detailed  methods  will  be  published  elsewhere  (Xu,  Z.-D,,  R. 
Mineo,  S.-J.  Liang,  and  Y.  Fujita-Yamaguchi,  manuscript  in  preparation). 
Briefly,  a  110-bp  Sail/ Sail  fragment  was  inserted  into  the  IGF-II  sequence 
between  the  PCR  primers  so  that  when  the  competitor  IGF-II  RNA  was 
transcribed,  it  would  provide  a  template  for  a  PCR  product  that  is  110 
bp  longer  than  that  derived  from  the  authentic  IGF-II  mRNA.  In  the 
presence  of  the  competitor  RNA,  a  444-  bp  band,  which  was  therefore 
produced  in  addition  to  the  334-bp  band  derived  from  an  endogenous 
IGF-II  RNA. 

Conditioned  medium 

PC-3  cells  and  transfectants  were  seeded  in  25-cm2  flasks  in  the 
regular  medium.  The  next  day,  cells  were  washed  with  PBS  three  times 
and  grown  for  2  days  in  4  ml  of  RPMI  1640  containing  0.1%  BSA. 
Condition  media  were  collected  and  analyzed  for  IGF-II  and  -I  as  pre¬ 
viously  described  (22).  At  the  time  of  conditioned  medium  collection, 
cell  numbers  were  determined  with  a  hemocytometer,  and  the  IGF-II 
protein  level  was  expressed  as  nanograms/ml/ 105  cells. 

Determination  of  cell  proliferation 

Cell  growth  was  determined  by  the  3-(4,5-Dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium  bromide  (MTT)  method,  which  measures  mito¬ 
chondrial  dehydrogenase  activity  that  is  active  only  in  living  cells.  Cells 
(104  cells  per  well)  were  plated  in  96-well  plates  containing  100  pi  of 
medium  and  cultured  37  C  for  4  days.  At  days  1, 2, 3,  and  4, 20  /xl  of  0.5% 
MTT  were  added  to  the  wells  in  triplicate.  After  incubation  at  37  C  for 
4  h,  the  medium  was  removed  and  100  pi  of  isopropyl  alcohol  supple¬ 
mented  with  0.05  n  HC1  were  added.  The  color  developed  was  quan¬ 
titated  by  measuring  absorbance  at  540  nM. 

Doubling  times  of  parental  PC-3  cells  and  transfectants  were  deter¬ 
mined  by  time-lapse  microscopy.  Approximately  105  cells  of  each  clone 
were  seeded  in  medium  supplemented  by  10%  FCS  in  a  T-25  flasks  and 
incubated  at  37  C  overnight.  The  flasks  were  placed  under  a  phase 
contrast  microscope  (Nikon,  Melville,  NY)  in  a  warm  room.  A  good  view 
of  isolated  cells  was  selected  and  video-recorded  for  4  days.  Doubling 
time  for  each  clone  was  averaged  from  those  of  five  to  eight  cell 
divisions. 


Results 

In  vitro  RZ  cleavage  reactions 

Catalytic  activity  of  the  RZs  constructed  was  examined 
using  the  shorter  IGF-II  RNA  (—6  to  +74)  as  a  substrate 
unless  otherwise  stated. 

Time  course.  The  substrate,  7.7  nM,  was  incubated  with  12.3 
nM  RZ,  R  or  M,  at  37  C  for  10  to  210  min  (substrate-RZ  ratio 
of  0.6:1).  As  shown  in  Fig.  2,  only  the  active  RZ  cleaved  the 
substrate  in  a  time-dependent  manner.  After  incubation  for 
210  min,  all  the  substrate  was  apparently  digested  by  R. 

Substrate-RZ  ratio.  RZ  cleavage  reactions  were  carried  out 
under  different  substrate-RZ  ratio  conditions.  After  incuba¬ 
tion  at  37  C  for  210  min,  more  than  80%  of  the  substrate  was 
cleaved  by  single  RZ,  R,  at  the  substrate-RZ  ratio  of  1.2  or  0.6. 
In  contrast,  percent  cleavage  was  markedly  reduced  at  the 
substrate-excess  condition. 


Ribozyme  -> 
(R  or  M,  347nt) 


Substrate  -+ 
(147  nt) 

PI  (89  nt)  -> 
P2  (58  nt)  -» 


Ribozyme(R) 

Inactive  Rz(M 
Substrate 

Reaction  Time  210  10  30  60  90120  iso  210  min 

Fig.  2.  Time  course  of  RZ  cleavage  reaction  by  single  RZs  in  vitro. 
Both  RZs  and  substrate  were  32P  labeled.  A  substrate-RZ  ratio  of  0.6:1 
was  incubated  at  37  C  for  indicated  time,  0-210  min.  After  cleavage 
reactions,  RZ,  substrate,  and  products  were  separated  by  6%  poly¬ 
acrylamide/8  M  urea  gel  electrophoresis.  Nucleotide  (nt)  sizes  of  ri- 
bozymes,  substrate,  and  products  contain  additional  5 '-sequences 
derived  from  the  vectors  (see  Figs.  1  and  3C  for  schematic  illustra¬ 
tions).  Note  that  the  free  substrate  concentration  after  incubation  for 
3  h  with  M  (lane  11)  seems  to  become  lower  than  the  substrate  only 
(lane  1),  probably  due  to  formation  of  a  stable  substrate/M  RZ  com¬ 
plex,  which  is  resistant  to  denaturation  conditions  used  in  these 
studies. 

In  vitro  cleavage  reactions  of  single  and  double  RZs.  RZ  activities 
of  single  RZ  (R),  double  RZ  (RR),  its  mutant  (MM),  and 
double  RZs  with  one  mutant  (RM  and  MR)  were  analyzed. 
Figure  3A  demonstrates  that  in  vitro  cleavage  reactions  of 
both  single  and  double  RZs  produced  the  expected  sizes  of 
cleavage  products  as  illustrated  in  Fig.  3C.  Mutant  double  RZ 
(MM)  did  not  cleave  the  substrate  RNA  at  all.  To  compare 
relative  cleavage  efficiencies  among  various  RZ  constructs, 
the  intensity  of  the  product,  either  PI  or  PI was  quantitated. 
Figure  3B  clearly  indicates  that  R  and  RM  are  equally  active 
whereas  MR  is  less  effective  in  cleaving  the  substrate  IGF-II 
RNA  than  RM  or  R.  The  double  RZ,  RR,  appeared  the  most 
active  RZ  of  the  four  RZs  that  we  constructed  to  target  IGF-II 
RNA. 

Comparison  of  RZ  cleavage  reactions  by  single  and  double  RZs. 
Since  the  results  of  in  vitro  cleavage  reactions  suggested  that 
RR  is  more  active  than  R  (Fig.  3),  catalytic  efficiencies  of 
single  and  double  RZs  were  further  compared. 

Kinetic  analysis  for  the  two  RZs,  R  and  RR,  were  per¬ 
formed  under  single-turnover  conditions  using  the  short 
IGF-II  RNA  substrate.  The  results  summarized  in  Fig.  4  re¬ 
vealed  Kcat/Km  =  1546  and  4772  M-1s-1,  respectively.  This 
indicates  that  the  double  RZ  is  approximately  3-fold  more 
efficient  in  cleaving  the  substrate  IGF-II  RNA  than  the  single 
RZ  in  vitro  ( P  <  0.05). 

The  catalytic  efficiencies  of  single  and  double  RZs  were 
also  examined  using  the  precursor  IGF-II  RNA  (1157  nt)  as 
a  substrate.  Both  RZs  cleaved  the  IGF-II  RNA  substrate  after 
incubation  for  16  h  (Fig.  5A,  lanes  11  and  12).  The  time  course 
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Fig.  3.  Comparison  of  RZ  cleavage  reaction  by  single  and  double  RZs  in  vitro.  A,  Autoradiogram.  Cleavage  reactions  by  single  RZ  (R),  double 
RZ  (RR),  its  mutant  (MM),  and  double  RZs  with  one  mutant,  RM  or  MR,  were  compared.  Both  RZs  and  substrate  were  32P  labeled.  Note  that 
RZs  were  32P  labeled  with  only  trace  amounts  of  radioactivity  while  the  substrate  was  fully  32P  labeled.  The  differing  intensities  of  RZs  are 
due  to  differences  in  the  levels  of  radioactivity  incorporated  during  in  vitro  transcription  of  template  encoding  different  RZ  constructs.  RZ 
reactions  were  carried  out  at  37  C  for  210  min  at  a  substrate  concentration  of  5  nM  in  the  presence  of  1  or  5  nM  RZ  (R,  RM,  MR,  RR,  or  MM). 
After  cleavage  reactions,  RZ,  substrate,  and  products  were  separated  by  6%  polyacrylamide/8  M  urea  gel  electrophoresis.  Nucleotide  (nt)  sizes 
of  the  RZ,  substrate,  and  products  are  indicated.  B,  Relative  intensity  of  the  RZ  product,  PI  or  PI'.  Cleavage  efficiencies  of  the  RZs  shown  in 
lanes  1-8  in  panel  A  were  determined  by  quantitating  the  intensity  of  the  products,  PI  or  PI'.  C,  Schematic  illustration  of  IGF-II  RNA  substrate 
and  RZ  products.  The  IGF-II  substrate  and  RZ  cleavage  sites  are  presented  schematically  to  show  nt  sizes  of  the  products  derived  from  each 
RZ  or  inactive  RZ.  An  additional  S'-sequence  which  is  attached  to  the  substrate  is  shown  as - 


R,  nM  RR,  nM 

Fig.  4.  Comparison  of  single  and  double  RZs  in  vitro  by  single-turnover  experiments.  Single  turnover  experiments  with  RZ  in  excess  over 
substrate  were  carried  out  and  Kcat/Km  values  were  calculated  as  described  in  Materials  and  Methods.  In  Exps  1  and  2,  R  and  RR  were  assayed 
in  parallel. 


experiment,  however,  revealed  that  during  the  first  3  h  of  substrate  (Figs.  5 A,  lanes  1-8,  and  Fig.  5B).  This  result  is 
incubation,  RR  cleaved  the  substrate  in  a  time-dependent  consistent  with  that  of  the  kinetic  analysis  that  indicated  that 
manner  whereas  R  did  not  appear  significantly  to  cleave  the  RR  is  more  active  than  R  in  vitro. 
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Fig.  5.  RZ  cleavage  reaction  by  single  and  double  RZs  in  vitro  using  the  precursor  IGF-II  RNA  as  a  substrate.  A,  Autoradiogram.  Prepro-IGF-II 
RNA  (1157  nt)  was  synthesized  from  Bluescriptll  KS  encoding  the  prepro-IGF-II  cDNA.  Both  RZs  and  substrate  were  32P  labeled.  RZ  reactions 
were  carried  out  37  C  for  1-16  h  at  a  substrate  concentration  of  15  nM  with  1.2  mM  single  or  double  RZ.  The  results  of  two  independent  experiments 
are  shown;  lanes  1-8  and  lanes  9-14  are  from  Exp  1  and  2,  respectively.  B,  Relative  intensity  of  the  RZ  products.  Cleavage  reaction  by  RR 
was  shown  as  average  of  PI  and  P2  produced  after  incubation  of  1, 2,  and  3  h.  C,  Schematic  illustration  of  IGF-II  RNA  substrate  and  RZ  products. 
RZ  cleavage  sites  and  expected  products  are  schematically  presented. 


Intracellular  cleavage  of  IGF-II  mRNA  by  RZs 

Intracellular  activity  of  the  RZs  was  determined  in  PC-3 
cells  that  were  stably  expressing  RZs.  Two  expression  sys¬ 
tems  that  use  RNA  pol  III  and  II  were  used  in  this  study. 
While  RNA  pol  II  expression  systems  have  been  developed 
for  years  and  widely  used  for  the  expression  of  proteins, 
RNA  pol  III  expression  systems  have  been  suggested  to  be 
advantageous  for  stable,  high  steady-state  expression  of 
short  chimeric  RNAs  since  RNA  pol  Ill-driven  chimeric  tran¬ 
scripts  are  more  abundant  than  poly(A)+  RNAs  in  mamma¬ 
lian  cells  (41). 

Stable  expression  of  RZs  in  PC-3  cells  driven  by  RNA  Pol  III 
promoter  (pTZU6+27  vector). 

Detection  of  RZ  mRNA  in  PC-3  cell  transfectants.  Expression 
of  R,  M,  and  RR  in  four,  two,  and  two  transfectants,  respec¬ 
tively,  was  confirmed  by  EtBr-stained  agarose  gel  electro¬ 
phoresis  of  RT-PCR  products  prepared  from  DNase  I-treated 
RNA  (data  not  shown).  No  PCR  amplification  was  made 
when  PCR  was  performed  from  the  corresponding  RNA 
preparations  without  RT  (data  not  shown).  RT-PCR  products 


derived  from  single  and  double  RZs  migrated  at  the  same 
positions  as  PCR  controls  for  R  and  RR,  respectively,  pre¬ 
pared  from  the  plasmids  encoding  R  and  RR  (data  not 
shown).  The  authenticity  of  R,  M,  and  RR  was  confirmed  by 
Southern  blot  analysis  using  an  oligonucleotide  probe  com¬ 
plementary  to  the  R  sequence  (data  not  shown).  The  mutant 
RZ  did  not  hybridize  with  the  R-specific  probe  at  54  C  due 
to  a  one-base  mismatch  in  the  probe  sequence. 

Quantitation  of  IGF-II  mRNA  levels  in  PC-3  cell  transfectants . 
IGF-II  mRNA  levels  in  parental  and  transfected  PC-3  cells 
were  determined  by  QC-PCR  using  a  competitive  IGF-II 
RNA  as  a  control  (Fig.  6A).  Endogenous  IGF-II  mRNA  levels 
in  PC-3  cells  expressing  R  or  RR  were  suppressed  by  62%  or 
68%,  on  average,  compared  with  that  of  parental  PC-3  cells, 
whereas  cells  expressing  M  had  little  effect  (12%  suppressed) 
on  the  IGF-II  mRNA  levels  (Fig.  6,  A  and  B)  as  determined 
by  quantitative  RT-PCR. 

Effect  of  RZ  expression  on  PC-3  cell  growth.  The  effect  of 
intracellular  expression  of  RZs  and  the  subsequent  reduction 
of  IGF-II  mRNA  and  protein  levels  on  cell  growth  was  eval- 
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A.  Quantitative  RT-PCR 


B.  Endogenous  IGF-II  mRNA  levels 
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Fig.  6.  PC-3  transfectants  expressing  single  (R),  double  (RR)  or  inactive  single  (M)  RZ  under  the  control  of  Pol  III  promoter.  A,  Endogenous 
IGF-II  mRNA  levels  as  determined  by  QC-PCR.  Quantitative  RT-PCR  was  performed  using  IGF-II-specific  primers  and  1  /xg  of  total  RNA 
prepared  from  parental  PC-3  cells  (lane  3)  and  transfectants  (lanes  4-11)  in  the  presence  of  a  competitor  IGF-II  RNA  (110  bp  longer  than  the 
authentic  IGF-II  mRNA).  Lanes  1  and  2  show  PCR  products  from  control  IGF-II  and  PC-3  RNA,  respectively.  B,  Endogenous  IGF-II  mRNA 
levels  in  parental  PC-3  cells  and  R-,  RR-,  or  M-expressing  PC-3  cells.  Endogenous  IGF-II  mRNA  was  expressed  as  the  ratio  to  control  RNA, 
which  is  further  normalized  by  18S  ribosomal  levels  shown  in  panel  A. 


TABLE  1.  Effect  of  RZ  expression  on  PC-3  cell  growth 


Relative  cell  growth  after  2  days  in  SFM 
(mean  ±  SE)a 

Parental  PC-3  cells 

1.23  ±  0.02  (n  =  2) 

R-expressing  PC-3  cells 

0.58  ±  0.13  (n  =  5)6 

RR-expressing  PC-3  cells 

0.4  (n  =  1) 

M-expressing  PC-3  cells 

1.61  ±  0.33  (n  =  2) 

PC-3  cells  and  transfectants  were  plated  in  24- well  plates  (1.3  X 
104  cells  per  well),  and  cell  numbers  were  counted  after  2  day-culture 
in  serum-free  medium.  Cell  growth  is  expressed  as  a  ratio  of  the  cell 
number  at  day  2  to  the  original  cell  number  seeded. 

a  The  relative  cell  growth  values  are  mean  values  of  those  of  in¬ 
dependently  isolated  stable  clones.  Numbers  of  clonally  selected 
transfectants  are  indicated  in  parentheses.  For  parental  PC-3  cells, 
n  =  2  means  two  independent  measurements  of  the  cell  line. 

b  Significantly  different  ( P  <  0.01)  by  Newman-Keuls  post  hoc  test 
compared  with  parental  PC-3  cells. 

uated  under  serum-free  conditions.  Parental  PC-3  and  trans¬ 
fectants  were  grown  in  serum-free  medium  (SFM)  for  2  days. 
While  cell  numbers  of  parental  PC-3  cells  or  M-expressing 
cells  increased,  those  of  R-  or  RR-expressing  cells  decreased 
(Table  1),  indicating  that  catalytically  active  RZ  expression  is 
inhibitory  for  PC-3  cell  growth.  These  results  suggest  that 
cleavage  of  IGF-II  mRNA  by  R  or  RR,  but  not  the  potential 
antisense  effect  of  M  per  se,  is  required  for  inhibition  of  PC-3 
cell  growth. 

Stable  expression  of  RZs  in  PC-3  cells  driven  by  RNA  Pol  II 
(pcDNA  vector).  While  the  transcripts  expressed  by  the  RNA 
pol  III  U6  +  27  system  are  nuclear  (36),  capped,  polyade- 
nylated  RNA  pol  II  transcripts  are  more  likely  to  direct  RZ 
transcripts  to  the  same  intracellular  compartment  as  the  tar¬ 
geted  IGF-II  mRNA  in  the  cytoplasm.  To  compare  RZ  activity 
under  the  control  of  RNA  pol  II  promoter,  PC-3  cells  were 
transfected  with  pcDNA3/RZ. 

Detection  ofRZ  mRNA  in  PC-3  cell  transfectants.  Of  10  trans¬ 
fectants  examined,  expression  of  R  was  confirmed  in  4  in¬ 
dependent  clones  by  RT-PCR  (Fig.  7A).  EtBr-stained  agarose 


gel  electrophoresis  of  the  RT-PCR  product  also  identified  six 
G418-resistant  clones  that  do  not  express  R.  They  were  used 
as  vector-control  cells  below. 

Measurements  of  IGF-II  mRNA  and  protein  levels  in  PC-3  cell 
transfectants.  IGF-II  mRNA  levels  in  parental  and  transfected 
cells  were  determined  by  QC-PCR  (Fig.  7B).  Endogenous 
IGF-II  mRNA  levels  for  parental,  R-expressing,  and  vector- 
transfected  PC-3  cells  were  0.2  (n  =  1),  0.045  ±  0.005  (n  =  4), 
and  0.122  ±  0.018  (n  =  6),  respectively.  Endogenous  IGF-II 
mRNA  levels  in  R-expressing  PC-3  cells  were  thus  reduced 
to  approximately  40%  level  when  compared  with  those  of  six 
transfectants  that  do  not  express  R  (vector-control),  and  to 
about  20%  level  when  compared  with  that  of  parental  PC-3 
cells.  In  parallel  to  the  IGF-II  mRNA  levels,  IGF-II  protein 
levels  secreted  into  conditioned  media  by  R-expressing  PC-3 
cells  were  significantly  lower  than  those  of  parental  or  vector 
clones,  while  that  of  the  vector-transfected  cells  was  mod¬ 
estly  reduced  (Table  2)1. 

Effect  ofRZ  expression  on  PC-3  cell  growth  as  measured  by  the 
MTT  method.  The  growth  of  parental  PC-3  cells  and  the  vec¬ 
tor-  or  R-transfectants,  shown  in  Fig.  7,  were  analyzed  in  SFM 
(Fig.  8 A)  or  in  the  presence  of  2%  FCS  (Fig.  8B).  The  results 
clearly  demonstrate  that  PC-3  cells  expressing  the  IGF-II  RZ 
do  not  grow  well  under  serum-free  or  2%  FCS  conditions. 
The  results  are  similar  to  the  observation  we  had  for  R-  or 
RR-expressing  PC-3  cells  under  the  control  of  RNA  pol  III 
promoter.  Since  the  R-expressing  PC-3  cells  were  isolated 
after  culturing  those  transfectants  in  the  medium  containing 
10%  FCS,  they  must  have  been  able  to  grow  in  the  presence 
of  10%  FCS  (see  time-lapse  microscopy  experiments  below). 


1 IGF-I  protein  levels  secreted  into  conditioned  media  by  parental  and 
PC-3  cell  transfectants  were  determined.  The  IGF-I  levels  measured, 
however,  were  too  low  to  be  informative  given  that  PC-3  cell  IGF-I  levels 
are  below  accurate  levels  of  detection  (22). 
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A.  Ribozyme  (R)  expression 

1  2  3  4  5  6  7  8  9  10  11  12  13 
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RNA  —  PC-3  ~  R3  R4  R6  V7  V27  V28  V36  V37  R39  V26 


B.  IGF-II  mRNA  levels 
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Fig.  7.  Expression  of  RZ  under  the  control  of  Pol  II  promoter.  A, 
Detection  of  RZ  expression  by  RT-PCR.  Experiments  were  performed 
as  described  in  Fig.  6A.  B,  Endogenous  IGF-II  mRNA  levels  in  pa¬ 
rental  PC-3  cells,  R-expressing  PC-3  cells,  and  vector-controls  as 
determined  by  QC-PCR.  Experiments  were  performed  as  described  in 
Fig.  6B.  C,  IGF-II  protein  levels  in  conditioned  media.  IGF-II  protein 
levels  in  conditioned  media  harvested  from  parental  cells  and  PC-3 
cell  transfectants  were  measured  in  duplicate. 

Effect  of  RZ  expression  on  PC-3  cell  growth  as  measured  by 
time-lapse  microscopy.  Analysis  of  cell  division  of  parental 
PC-3  cells,  vector-transfected  cells  (V37),  and  R-expressing 
PC-3  cells  (R4,  R6,  and  R39)  revealed  doubling  times  (mean  ± 
sem)  of  28.3  ±  0.39  (n  -  8),  32.3  ±  1.0  (n  =  3),  37  ±  1.1  (n  = 
6),  38.6  ±  2.3  (n  =  5),  and  42.5  ±  2.8  (n  =  2)  h,  respectively 
(Table  3).  This  result  indicates  that  PC-3  cells  expressing  the 
IGF-II  RZ  showed  a  significantly  prolonged  doubling  times 
compared  with  parental  PC-3  cells,  while  the  doubling  times 
of  vector-transfected  PC-3  cells  are  not  significantly  different 
from  those  of  the  parental  cells. 

Discussion 

Hammerhead  RZs  against  human  IGF-II  RNA,  which  we 
have  constructed,  were  catalytically  active  in  vitro.  The  cat¬ 
alytic  efficiencies,  however,  varied  among  differently  de¬ 
signed  IGF-II  RZs.  The  results  can  be  summarized  as  follows; 
RR  >  R  ~  RM  >  MR.  This  indicates  that  the  first  RZ  cleavage 
site  may  be  a  better  target  than  the  second  RZ  cleavage  site 
since  the  cleavage  of  the  former  by  R,  RM,  or  RR  was  more 


TABLE  2.  IGF-II  protein  levels  secreted  into  conditioned  media 


Exp 

IGF-II  protein  level 
(ng/ml/105  cells) 

Parental  PC-3  cells 

1 

6.22 

2 

5.85 

Vector-transfected  PC-3  cells 

1 

4.07 

2 

4.5 

R-expressing  PC-3  cells  (R3) 

1 

2.07 

2 

2.91 

R-expressing  PC-3  cells  (R4) 

1 

2.95 

2 

2.5 

R-expressing  PC-3  cells  (R6) 

1 

2.31 

2 

2.06 

R-expressing  PC-3  cells  (R39) 

1 

1.07 

2 

3.68 

IGF-II  protein  levels  in  conditioned  media  harvested  from  parental 
PC-3  cells  and  transfectants  were  measured  in  duplicate.  IGF-II  pro¬ 
tein  levels  in  the  pooled  data  of  R-expressing  PC-3  cells  were  signif¬ 
icantly  different  (. P  <  0.01)  by  Newman-Keuls  post  hoc  test  compared 
with  parental  and  vector-transfected  PC-3  cells. 

efficient  than  that  of  the  later  by  MR.  Of  three  double  RZs 
examined,  RR  was  more  active  than  RM  and  MR.  RR  was  also 
3-fold  more  efficient  in  cleaving  a  substrate  IGF-II  RNA  than 
R  as  judged  by  kinetic  analysis  under  single-turnover  con¬ 
ditions.  Both  RM  and  R  were  equally  active  despite  the  dif¬ 
ference  in  the  length  of  antisense  arms,  29  and  17  nt,  respec¬ 
tively.  These  results  suggest  that  the  tandem  repeat  of  two 
catalytic  domains  enhances  the  catalytic  efficiency  of  the  RZ 
rather  than  the  longer  antisense  arms.  When  a  longer  RNA 
substrate  was  used,  RR  was  much  more  effective  in  cleaving 
the  substrate  than  R.  However,  the  cleavage  of  the  longer 
substrate  (1157  nt)  required  a  much  higher  concentration  of 
RR  than  that  of  the  shorter  substrate  (147  nt).  These  obser¬ 
vations  are  generally  in  good  agreement  with  the  results  of 
previous  studies  that  systematically  analyzed  the  effects  of 
catalytic  core  tandem  repeats  (42)  or  antisense  arm  lengths  on 
RZ  cleavage  reactions  in  vitro  (43). 

Single  and  double  RZs  were  stably  expressed  in  human 
prostate  cancer  PC-3  cells  under  the  control  of  RNA  pol  III 
or  pol  II  promoter.  Stable  transfectants  were  isolated  and 
used  to  determine  the  efficacy  of  the  RZ  activity  in  cells  and 
effects  of  active  RZs  on  cell  growth.  Establishment  of  quan¬ 
titative  assays  for  the  target  RNA  was  necessary  for  the 
detection  of  RZ  cleavage  reactions  in  vivo  (in  cell  line).  The 
QC-PCR  method  was  used  in  this  study  because  it  is  very 
sensitive,  specific,  and  quantitative  (44).  In  contrast  to  most 
of  the  RT-PCR  methods  that  use  two  pairs  of  primers,  the 
competitor  IGF-II  RNA  shares  the  same  sequences  for  primer 
binding  as  the  target  endogenous  IGF-II  mRNA.  But,  it  con¬ 
tains  an  additional  110-base  long  insert  that  will  give  a  PCR 
product  larger  than  the  PCR  product  generated  from  the 
target  endogenous  IGF-II  mRNA.  This  110-base  difference  in 
size  was  sufficient  for  easy  separation  of  the  two  PCR  prod¬ 
ucts  on  denaturing  polyacrylamide  gels  and  for  quantitation 
of  the  radioactive  bands  with  a  Phosphorlmager  (Fig.  6A). 
Using  QC-PCR,  we  have  clearly  demonstrated  that  the  in- 
tracellularly  expressed  RZs  cleaved  endogenous  IGF-II 
mRNA. 

Interestingly,  in  our  study,  single  and  double  RZs  showed 
almost  the  same  level  of  efficacy  in  reduction  of  IGF-II  mRNA 
in  PC-3  cells.  This  observation  can  be  explained  in  the  fol- 
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A:  SFM 


B:  2%  FCS 


Fig.  8.  Effect  of  RZ  expression  on  PC-3  cell  growth  as  measured  by  the  MTT  method.  Cell  growth  under  serum-free  conditions  (A)  or  in  the 
presence  of  2%  FCS  (B).  Parental  PC-3  cells  (©),  vector-control  PC-3  cells  (V37;  □),  R-expressing  PC-3  cells  (R4;  O,  R6;  O,  and  R39;  A)  were 
cultured  either  in  serum-free  medium  (SFM)  or  in  the  presence  of  2%  FCS.  Cell  growth  was  determined  for  4  days  in  triplicate  by  the  MTT 
method.  Growth  curves  are  normalized  by  setting  the  OD  value  of  day  1  as  100%  for  each  transfectant.  Shown  are  the  representative  results 
from  three  independent  experiments. 


TABLE  3.  Effect  of  RZ  expression  on  PC-3  cell  growth  as  measured  by  time-lapse  microscopy 


PC-3  cells 

R-expressing  transfectants 

Vector  transfectant 

R4 

R6 

R39 

V37 

Doubling  time  ±  sem  (h) 

Doubling  time  (-fold)  relative  to  parental  PC-3  cells 

28.3  ±  0.39 
1.00 

37  ±  1.1 
1.31 

P  <  0.01 

38.6  ±  2.3 
1.36 

P  <  0.001 

42.5  ±  2.8 
1.50 

P  <  0.001 

32.3  ±  1.0 

1.14 

P  >  0.05 

Cell  division  of  parental  PC-3  cells  and  transfectants  in  RPMI1640  in  the  presence  of  10%  FCS  was  recorded.  Doubling  time  for  each  clone 
was  calculated  from  five  to  eight  divisions. 


lowing  ways:  1)  due  to  unique  secondary  or  tertiary  structure 
caused  by  other  cellular  factors,  interaction  of  IGF-II  mRNA 
with  the  double  RZ  may  make  one  of  the  cleavage  domains 
unable  to  anneal  with  the  substrate  (second  cleavage  site); 
thus  there  is  no  cleavage  reaction  for  that  domain;  or  2)  the 
RZ-expressing  clones  selected  maybe  only  those  that  are  able 
to  moderately  reduce  IGF-II  to  a  point  that  does  not  cause  cell 
death. 

Although  in  vitro  studies  of  RZs  are  essential  steps  for 
quantitating  their  catalytic  efficiencies,  they  cannot  be  used 
to  predict  the  efficiency  of  the  RZs  when  expressed  in  cells. 
Due  to  the  complexity  of  eukaryotic  gene  expression,  and 
also  multiple  factors  involved,  the  RZ  action  in  the  cell  is 
heavily  influenced  by  the  cellular  environment.  Factors  that 
may  interfere  with  RZ  action  in  the  cell  include  RZ  expres¬ 
sion  level,  colocalization  of  RZs  with  the  target  RNAs,  lo¬ 
cation  of  the  RZ  gene  relative  to  the  target  gene  in  the  host 
genome,  target  sites  at  which  the  RZ  functions,  secondary 
structure  of  the  target  RNA  or  RZs,  and  cofactors  or  inhib¬ 
itors  such  as  proteins,  Mg2+  concentration,  and  pH.  For  ex¬ 
ample,  if  RZ  expression  is  not  highly  efficient,  the  level  of  RZs 
may  be  too  low  to  cleave  the  target  RNA.  Even  though  RZs 
are  efficiently  expressed,  if  RZs  are  not  in  the  same  cell 


compartment  with  the  target  RNA,  RZ  activity  would  be 
dramatically  decreased. 

The  secondary  structure  of  the  target  RNA  or  RZs  is  also 
very  important.  Since  RZs  cleave  the  target  RNA  by  first 
complementary  binding  to  the  target  RNA,  if  the  secondary 
structure  of  target  RNA  or  RZs  interferes  with  the  binding  of 
RZ  and  target,  RZ  activity  will  be  reduced.  Also,  proteins 
may  bind  to  portions  of  the  RNA  substrate  or  to  the  RZ  itself 
and  may  facilitate  or  interfere  with  the  catalysis.  For  example, 
previous  studies  demonstrated  an  enhancement  of  RZ  cleav¬ 
age  reactions  by  RNA-binding  proteins  such  as  heteroge¬ 
neous  nuclear  ribonucleoprotein  A1  and  the  capsid  protein 
NC7  of  human  immunodeficiency  virus  type  1  (HIV-1)  (37, 
45, 46).  In  our  study,  pTZU6  +  27  and  pcDNA  3  vectors  were 
used  to  express  IGF-II  RZs  intracellularly  under  the  control 
of  RNA  pol  III  and  II,  respectively.  The  RZ  transcripts  from 
pTZU6+27/RZ  should  be  relatively  stable  and  expressed  in 
both  nucleus  and  cytoplasm,  but  mainly  in  the  nucleus  (36, 
47, 48).  Pol  III  promoters,  which  naturally  drive  transfer  RNA 
and  small  nuclear  RNA  synthesis,  are  good  for  high-level, 
non-tissue-specific  expression  of  short  RNAs.  For  example, 
Thompson  et  al  (41)  used  a  transfer  RNA-based  RNA  pol  III 
promoter-driven  RZ  and  found  high  accumulation  of  recom- 
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binant  pol  III  R Z  transcripts  in  all  cell  lines  tested.  The  RZ 
activity  was  readily  detectable  in  total  RNA  extracted  from 
stably  transformed  human  T  cell  lines.  Michienzi  et  al.  (48) 
used  U1  small  nuclear  RNA  chimeric  RZs  with  substrate 
specificity  for  the  Rev  pre-mRNA  of  HIV  and  showed  that 
this  construct  caused  more  efficient  reduction  in  the  Rev 
pre-mRNA  level  in  vivo.  Kawasaki  et  al.  (49)  reported  that  by 
using  a  pol  Ill-driven  vector,  the  adenoviral-ElA-associated 
300-kDa  protein  expression  in  HeLa  cells  was  inhibited.  In 
contrast,  the  RZ  transcripts  from  pcDNA3/RZ  can  be  ubiq¬ 
uitously  expressed  in  the  cytoplasm  under  the  control  of 
RNA  pol  II.  Pol  II  promoters,  including  viral  promoters, 
which  are  used  naturally  for  mRNA  synthesis,  can  allow 
tissue-specific  expression  of  RZs.  A  disadvantage  of  Pol  II 
promoters  is  their  requirement  for  long  coding  sequences,  so 
that  the  RZ  sequence  may  be  placed  in  long  RNA  molecules. 
This  can  interfere  with  RZ  conformation. 

In  the  present  study,  both  pol  II  and  pol  III  promoter- 
driven  vectors  similarly  expressed  RZs  and  suppressed 
IGF-II  mRNA  levels  in  PC-3  cells,  which  resulted  in  cell 
growth  inhibition.  It  should  be  noted  that  the  growth  of 
M-expressing  PC-3  cells  was  not  affected  although  the  M  RZ 
could  have  an  antisense  effect.  Since  the  in  vitro  experiments 
revealed  formation  of  a  stable  IGF-II  RNA  substrate /M  RZ 
as  seen  in  Fig.  2,  formation  of  the  complex  in  cells  might  also 
take  place.  Our  results,  however,  indicate  that  if  such  a  com¬ 
plex  formed  in  PC-3  cells,  it  was  not  sufficiently  stable  to 
inhibit  cell  growth.  It  is  possible  that  short  RNA  hybrids  may 
be  destroyed  by  ribosome  translocation  or  heterogeneous 
nuclear  ribonucleoproteins  (37).  The  different  results  in  the 
growth  effects  observed  between  R  and  M  RZs  thus  support 
the  notion  that  the  catalytic  activity  of  R  RZ  is  required  to 
significantly  inhibit  cell  growth  under  our  experimental 
conditions. 

Suppression  of  IGF-II  mRNA  levels  by  the  RZs  was  asso¬ 
ciated  with  reduced  IGF-II  protein  levels.  The  reduction  of 
protein  levels  was,  however,  not  as  significant  as  that  of 
mRNA  levels.  This  suggests  that  there  may  be  a  possible 
difference  in  the  regulation  of  two  IGF-II  forms,  the  regular 
7.5-kDa  form  and  the  incompletely  processed  15-kDa  form. 
The  IGF-II  protein  levels  measured  in  this  study  reflect  those 
of  both  7.5-  and  15-kDa  IGF-II  since  the  RIA  used  an  anti- 
IGF-II  antibody  that  binds  both  forms  of  IGF-II.  It  is  possible 
that  the  expression  of  the  15-kDa  IGF-II,  which  is  commonly 
expressed  in  cancerous  tissues,  is  more  affected  by  IGF-II  RZ 
actions  while  the  7.5-kDa  IGF-II  level  may  not  be  affected. 
Further  analysis  of  the  expressed  IGF-II  protein  by  immu- 
noblotting  is  necessary  to  substantiate  this  possibility.  It  is 
also  necessary  to  examine  whether  expression  of  other  IGF 
system  components  including  IGF-binding  proteins  has  been 
changed  when  an  active  RZ  is  intracellularly  expressed. 

RZ-expressing  PC-3  cells  did  not  grow  well  but  rather  die 
under  serum-starved  conditions  while  they  grew  in  the  me¬ 
dium  supplemented  by  10%  FCS,  which  was  the  condition 
used  for  isolation  of  the  RZ-expressing  clones.  It  has  been 
shown  that  PC-3  cells  undergo  apoptosis  under  serum-free 
conditions  (50),  and  that  IGFs  are  antiapoptotic  (15-17).  Con¬ 
sistent  with  those  previous  studies,  the  results  shown  in  Fig. 
8  show  that  PC-3  cell  and  vector-control  cells  seem  to  un¬ 
dergo  apoptosis  in  SFM,  and  that  the  reduction  of  IGF-II 


levels  by  intracellular  expression  of  IGF-II  RZs  seem  to  stim¬ 
ulate  apoptosis  of  PC-3  cells  in  SFM  and  low  serum  medium. 
Investigation  on  mitogenic  and  apoptotic  pathways  of  R- 
expressing  PC-3  cells  are  now  in  progress. 

In  conclusion,  the  present  study  demonstrated  that  IGF-II 
RZs  were  active  at  least  in  one  cell  line  and  were  able  to  lower 
endogenous  IGF-II  mRNA  and  protein  levels,  and  that  block¬ 
age  of  IGF-II /IGFIR  signaling  by  IGF-II  RZs  inhibited  cell 
growth.  The  IGF-II  RZ  can  thus  be  used  as  a  tool  to  inves¬ 
tigate  the  role  of  IGF-II  in  other  physiological  systems.  The 
study  also  provided  the  basis  for  the  development  of  IGF-II 
RZs  as  future  cancer  therapeutics. 
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Abstract  Insulin-like  growth  factors  (IGF)  I  and  II  are 
potent  mitogens  for  a  variety  of  cancer  cells.  The  pro¬ 
liferative  and  anti-apoptotic  actions  of  IGF  are  medi¬ 
ated  by  the  IGF-I  receptor  (IGF-IR),  to  which  both 
IGF-I  and  IGF-II  bind  with  high  affinity.  To  investigate 
the  mitogenic  and  anti-apoptotic  activities  of  IGF-IR 
and  to  achieve  better  inhibition  of  IGF-IR  function, 
single-chain  antibodies  against  human  IGF-IR  (alGF- 
IR  scFvs)  were  constructed  and  expressed.  IgG  cDNA 
encoding  variable  regions  of  light  and  heavy  chains  (V l 
and  Vh)  from  mouse  IgG  were  cloned  from  a  hybridoma 
producing  the  1H7  ocIGF-IR  monoclonal  antibody  [Li 
etal.,  Biochem  Biophys  Res  Commun  196:  92-98 
(1993)].  The  splice-overlap  extension  polymerase  chain 
reaction  was  used  to  assemble  a  gene  encoding  the 
alGF-IR  scFv,  including  the  N-terminal  signal  peptide, 
Vl,  linker  peptide,  Vh,  and  C-terminal  DYKD  tag.  Two 
types  of  soluble  alGF-IR  scFvs,  a  prototype  alGF-IR 
scFv  and  its  alternative  type  alGF-IR  scFv-Fc,  were 
constructed  and  expressed  in  murine  myeloma  cells. 
alGF-IR  scFv-Fc,  containing  the  human  IgGl  Fc  do¬ 
main,  was  stably  expressed  in  NS0  myeloma  cells,  using 
a  glutamine  synthase  selection  system,  and  purified  from 
the  conditioned  medium  of  stable  clones  by  protein-A— 
agarose  chromatography.  Levels  of  alGF-IR  scFv-Fc 
expression  ranged  from  40  mg/1  to  1 00  mg/1  conditioned 
medium.  Sodium  dodecyl  sulfate/polyacrylamide  gel 
electrophoresis  analysis  under  reducing  and  nonreducing 
conditions  indicated  that  alGF-IR  scFv-Fc  is  a  dimeric 
antibody.  alGF-IR  scFv-Fc  retained  general  character¬ 
istics  of  the  parental  1H7  monoclonal  antibody  except 
that  its  binding  affinity  for  IGF-IR  was  estimated  to  be 
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approximately  108  M_1,  which  was  one-order  of  mag¬ 
nitude  lower  than  that  of  1H7  monoclonal  antibody. 
Injection  of  alGF-IR  scFv-Fc  (500  pg/mouse,  twice  a 
week)  significantly  suppressed  MCF-7  tumor  growth  in 
athymic  mice.  These  results  suggest  that  the  alGF-IR 
scFv-Fc  is  a  first-generation  recombinant  alGF-IR  for 
the  potential  development  of  future  alGF-IR  therapeu¬ 
tics. 

Key  words  IGF  •  Recombinant  antibody  • 

Single-chain  antibody  •  Tumor  growth  inhibition 


Introduction 

Insulin-like  growth  factor  I  receptor  (IGF-IR)  belongs 
to  the  family  of  transmembrane  protein  tyrosine  kinases 
[19,  39],  The  biological  actions  of  IGF-I  and  IGF-II  are 
mediated  by  IGF-IR,  to  which  both  IGF-I  and  IGF-II 
bind  with  high  affinity  [32].  Triggering  of  IGF-IR  pro¬ 
tein  tyrosine  kinase  by  these  specific  ligands  results  in 
subsequent  activation  of  signaling  pathways,  which  lead 
to  the  proliferative  and  anti-apoptotic  action  of  IGF  in 
cells.  IGF-IR  plays  an  important  role  in  transformation 
and  tumorigenesis,  as  shown  by  experiments  demon¬ 
strating  that  overexpression  of  IGF-IR  promotes  ligand- 
induced  neoplastic  transformation  and  tumorigenesis  in 
the  presence  of  an  active  PTK  [3,  16,  29].  Conversely,  it 
has  been  shown  that  cells  lacking  IGF-IR  cannot  be 
transformed  by  oncogenes  and  overexpression  of  other 
growth  factors  [1,  7]. 

Inhibition  of  IGF-IR  function  in  cancer  cells  has 
been  actively  studied.  For  example,  suppression  of  mi¬ 
togenic  activity  of  IGF  and  cancer  cell  growth  inhibition 
have  been  demonstrated  by  either  inhibition  of  IGF 
binding  by  the  anti-IGF-IR  monoclonal  antibody 
(mAb)  aIR-3  [1,  10],  or  inhibition  of  IGF-IR  (or  IGF-I) 
expression  by  introduction  of  antisense  IGF-IR  (or 
IGF-I)  cDNA  [23,  30,  36].  Furthermore,  recent  studies 
suggested  that  an  increased  IGF-IR  function  protects 
breast  cancer  cell  growth  from  chemotherapy  [9],  and 
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that  high  levels  of  IGF-IR  in  breast  tumors  were  highly 
correlated  with  local  breast  cancer  recurrence  following 
lumpectomy  and  radiation  therapy  [37].  Thus,  develop¬ 
ment  of  new  strategies  that  inhibit  IGF-IR  function  may 
lead  to  alternative  treatments  in  combination  with  che¬ 
motherapy  or  radiotherapy,  which  should  effectively 
induce  cancer  growth  inhibition  and  cancer  cell  death. 

We  have  produced  single-chain  antibodies  against 
human  IGF-IR  by  using  the  mouse  IgG  cDNA  cloned 
from  a  hybridoma  producing  1H7  mAb  [20].  In  this 
study,  two  types  of  soluble  alGF-IR  scFvs,  a  prototype 
alGF-IR  scFv  and  its  alternative  type  alGF-IR  scFv-Fc, 
were  constructed  and  expressed  in  murine  myeloma 
cells.  The  second  construct  was  prepared  because  we 
experienced  an  extremely  low  level  of  expression  of  the 
prototype  scFv.  We  show  that  the  humanized  construct 
of  alGF-IR  scFv,  alGF-IR  scFv-Fc,  which  can  be 
produced  on  a  large  scale,  retained  characteristics  simi¬ 
lar  to  those  of  the  parental  1H7  mAb,  and  that  the 
alGF-IR  scFv-Fc  is  a  first-generation  recombinant  anti- 
IGF-IR  for  the  potential  development  of  future  anti- 
IGF-IR  therapeutics. 


Materials  and  methods 

Cloning  of  1H7  variable  domains  by  RT-PCR 

Heavy  and  light  chains  of  1H7  [20]  were  separated  by  sodium 
dodecyl  sulfate/polyacrylamide  gel  electrophoresis  (SDS-PAGE; 
12.5%  polyacrylamide  gel)  under  reducing  conditions,  blotted  onto 
a  polyvinylidene  difluoride  membrane,  and  subjected  to  N- terminal 
amino  acid  sequence  determination  by  Edman  degradation  as  de¬ 
scribed  [42].  Degenerate  oligonucleotides,  used  as  upstream  prim¬ 
ers,  were  synthesized  on  the  basis  of  the  N-terminal  amino  acid 
sequences  of  heavy  and  light  chains  of  1H7  while  the  constant- 
region  oligonucleotides  for  downstream  primers  were  designed 
and  synthesized  according  to  the  published  nucleotide  sequences 
[12,  13].  Primers  (Table  1)  containing  the  EcoRI  site  were  used  to 
amplify  the  heavy-  and  light-chain  variable  regions  (VH  and  VL, 
respectively)  from  1H7  poly(A)-rich  mRNA  by  the  reverse  tran¬ 
scriptase/polymerase  chain  reaction  (RT-PCR).  PCR  products 
were  ligated  into  the  £a>RI  site  of  pBluescriptll  SK.  Esherichia  coli 
XL  1 -Blue  was  transformed  with  the  vectors  encoding  PCR-gener- 
ated  VH  and  VL  sequences. 


In  order  to  verify  that  the  variable-region  genes  isolated  from 
corresponding  plasmids  were  indeed  derived  from  the  1H7  mAb 
gene,  molecular  masses  of  tryptic  fragments  derived  from  the  heavy 
and  light  chains  of  reduced  and  alkylated  1H7  (20  pg)  were 
analyzed  by  liquid  chromatography/mass  spectrometry  [45]. 

Design  of  alGF-IR  antibodies 

This  study  describes  two  soluble  forms  of  lH7-based  alGF-IR 
antibodies,  scFv  and  scFv-Fc,  which  are  schematically  presented  in 
Fig.  1.  ScFv  is  a  monovalent  antibody,  and  has  an  expected  Mr  of 
27  kDa.  ScFv-Fc  is  a  divalent  antibody  that  contains  the  human 
IgGl  Fc  domain  and  has  an  expected  Mr  of  120  kDa. 

The  gene  encoding  the  alGF-IR  scFv  was  constructed  using  the 
N-terminal  signal  peptide  derived  from  the  mT84.66  light  chain 
[24,  40],  VL  DNA,  an  oligonucleotide  encoding  the  linker  peptide 
(GGGGSGGGS)2} V H  DNA,  and  a  C-terminal  tag  (including 
DYKD)  as  described  [5,  6].  Figure  2  summarizes  the  assembly  of 
the  alGF-IR  scFv  gene  by  splice-overlap  extension  PCR.  Tie 
DYKD  sequence  (FLAG  epitope  tag)  allowed  affinity  purification 
of  recombinant  proteins  using  the  M2  anti-FLAG  mAb  (Eastman 
Kodak  Co.,  Rochester,  N.Y.).  Following  confirmation  of  the 

A.  alGFIR  scFv  B.  alGFIR  scFv-Fc 


Fig.  1A,  B  Schematic  representation  of  soluble  forms  of  anti- 
(human  insulin-like  growth  factor  I  receptor)  single-chain  antibod¬ 
ies  (a IGF-IR  scFvs).  A  Single-chain  antibody  (alGF-IR  scFv). 
B  Chimeric  alGF-IR  scFv-Fc 


Table  1  Primers  for  polymerase 
chain  reaction  amplification  of 
variable  regions  of  heavy  and 
light  chains  of  1H7 


Light-chain  primers 
Amino  acid 

5'End  primer  5'gggaattc 

C-region  amino  acid 

C-region  primer 

Heavy-chain  primers 
Amino  acid 

5'End  primer  5'gggaattc 

C-region  amino  acid 
C-region  primer 


1 

2 

3 

Asp 

lie 

Val 
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ATT 

GTG 

T 

C 

C 

Ser 

lie 

Phe 

(5'  TCC 

ATC 

TTC 

3'  AGG 

TAG 

AAG 

1 

2 

3 

Glu 

Val 

Lys 

GAA 

GTA 

AAA 

G 

C 

G 

G 

Val 

Tyr 

Pro 

(5'  GTC 

TAT 

CCA 

3'  CAG 

ATA 

GGT 

4 

5 

6 

Met 

Thr 

Gin 

ATG 

ACC 

CAA3' 

A 

G 

T 

Pro 

Pro 

Ser 

CCA 

CCA 

TCC3') 

GGT 

GGT 

AGG  cttaaggc5' 

4 

5 

6 

Val 

Val 

Glu 

GTA 

GTA 

GAA3' 

C 

C 

G 

G 

G 

Leu 

Ala 

Pro 

CTG 

GCC 

CCT3') 

GAC 

CGG 

GGA  cttaaggc5' 
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Fig.  2  Assembly  of  the  gene  for 
the  soluble  form  of  alGF-IR 
scFv  by  splice-overlap  exten¬ 
sion  polymerase  chain  reaction 
{PCR).  The  gene  encoding  the 
alGF-IR  scFv  was  constructed 
using  an  N-terminal  signal 
peptide  (SP)  derived  from 
mT84.66  light  chain  [24,  40], 
1H7  VL  DNA,  an  oligonucleo¬ 
tide  encoding  the  linker  peptide 
( L )  (GGGGSGGGS)2,  1H7  VH 
DNA,  and  a  C-terminal  tag 
(including  DYKD)  as  described 
[5,  6],  The  assembled  alGF-IR 
scFv  gene  and  locations  of  PCR 
primers  used  are  schematically 
presented 


4-2a~> 


3a 


1  |  SP(T84.66)  | 

vL 

1  L  L_ 

v„ 

j  C-term.  tag  | 

4 —  2b  — > 

<-  3bl 

PCR  Sequence 

primer 

la 

lb 

2a 

2b 


3  TCC  ACTGTAAC  ACTACT GGGTC  AGAGTGTTT5  ’  : 

5*GAC  ATTGTGAT  GACCC  AGTCTC  ACAAATTCATGT3  ’ 
3TGGTTAGACCTTTATTTTCCGCCTCCGCCATCGCCGCCACCAAGTCCTC 


CACCGCCGTCA5  ’ 

3a  5’AGCGGCGGTGGTTCAGGAGGTGGCGGCAGTGGTGGAGGATCTGAAGT 

AAAAGTGGTGGAAT  CT3  ’ 

3bl  3’AGCCAGTGGCAGAGGAGTGAGCTCCTGATGTTCCTGATTATCCTTAAG 

CG5’  _ _ _ 


alGF-IR  scFv  construct  by  DNA  sequence  analysis,  the  scFv  was 
cloned  into  pcDNA3  (Invitrogen,  San  Diego,  Calif.),  containing 
the  cytomegalovirus  promoter  and  neox  selection  marker  (called 
pcDNA/alGF-IR  scFv). 

To  produce  the  gene  encoding  alGF-IR  scFv-Fc,  a  Safi  frag¬ 
ment  containing  the  human  IgGl  Fc  (cDNA  clone  from  Dr.  J. 
Schlom,  Laboratory  of  Tumor  Immunology  and  Biology,  Division 
of  Cancer  Biology  and  Diagnosis,  NCI,  Bethesda,  Md.)  was  in¬ 
serted  into  the  unique  Xhol  site  of  pcDNA/alGF-IR  scFv.  The 
HindUI  fragment  encoding  alGF-IR  scFv-Fc,  isolated  from  the 
pcDNA/alGF-IR  scFv-Fc  plasmid,  was  inserted  into  the  Hindlll 
site  of  pEE12-l  [4].  This  plasmid  encodes  a  glutamine  synthase  gene 
that  provides  a  selection  system  for  myeloma  NSO  cells  in  the 
L-glutamine-deficient  selection  medium,  since  NSO  cells  require 
L-glutamine  for  growth.  Plasmids  were  isolated  from  the  transfor¬ 
mants,  and  the  correct  orientation  of  the  inserts  was  determined  by 
restriction  enzyme  analysis  using  Noth 


Cell  culture,  transfection  and  screening 

Murine  myeloma  Sp2/0  and  NSO  cells  were  grown  as  described  [41, 
4].  Selective  medium  for  NSO  cells  consisted  of  L-glutamine-free 
Celltech  DME  (JRH  Biosciences,  Lenexa,  KS),  dialysed  fetal  calf 
serum  (Gibco/BRL,  Gaithersburg,  Md.),  and  glutamine  synthase 
supplement  (JRH  Biosciences,  Lenexa,  kan.). 

Myeloma  Sp2/0  cells  were  transfected  with  pcDNA/alGF-IR 
scFv  by  electroporation  [38],  and  incubated  at  37  °C  for  3  days  in  a 
humidified  5%  C02  atmosphere.  On  day  4,  cells  were  collected, 
counted,  and  placed  in  24- well  plates  (105  cells/well)  in  regular 
medium  containing  400  pg/ml  G418.  RNA  was  isolated  from  each 
stable  transfectant  and  analyzed  for  expression  of  odGF-IR  scFv 
mRNA  by  RT-PCR. 

Murine  myeloma  NSO  cells  were  stably  transfected  with  pEE12- 
1/aIGF-IR  scFv-Fc  by  the  electroporation  method,  transferred  to 
non-selective  culture  medium  in  a  96-well  plate  (50  pl/well),  and 
incubated  overnight.  The  next  day,  150  pi  selection  medium 
was  added  to  each  well,  and  cells  were  incubated  for  3  weeks 
until  discrete  surviving  colonies  appeared.  Positive  colonies  were 
identified  by  detecting  alGF-IR  scFv-Fc  in  the  medium,  using 
alkaline-phosphatase-conjugated  affinity-purified  rabbit  anti- 
(human  IgG),  Fc-fragment-specific  antibody  (Jackson  Immuno- 
Research  Laboratories  Inc.,  West  Grove,  Pa.)  by  the  enzyme-linked 
immunosorbent  assay  (ELISA)  method. 


Purification  of  alGF-IR  scFv  or  scFv-Fc 

A  150-ml  sample  of  conditioned  medium  (CM)  collected  from  Sp2/0 
clone  45  was  applied  to  6  ml  ceFLAG  M2  mAb  conjugated  to 
Sepharose  4B  (0.2  mg/ml  gel).  The  column  was  washed  with 
20  mM  TRIS/HC1,  pH  7.4,  containing  0.3  M  NaCl,  0.2  mM 
EDTA,  0.2  mM  dithiothreitol,  and  0.5  mM  phenylmethylsulfonyl 


fluoride,  and  eluted  with  5  ml  wash  buffer  containing  FLAG 
peptide  (0.2  mg/m 1)  twice.  Eluates  1  and  2  were  concentrated  and 
dialyzed,  using  an  Ultrafree-4  spin  column  (Millipore,  Bedford, 
Mass.). 

Approximately  40  ml  cell  culture  supernatants  collected  from 
alGF-IR-scFv-Fc-expressing  NSO  transfectants,  clone  1F12  or 
1B8,  was  adjusted  to  pH  8.0  by  adding  1/20  volume  1.0  M  TRIS 
(pH  8.0),  and  passed  through  a  protein-A-Sepharose  CL  4B  col¬ 
umn  (1  ml  column).  The  column  was  washed  with  ten  column 
volumes  of  100  mM  TRIS/HC1  buffer,  pH  8.0,  10  column  volumes 
of  10  mM  TRIS/HC1  pH  8.0.  alGF-IR  scFv-Fc  was  eluted  from  the 
column  with  100  mM  glycine  buffer  pH  3.0,  and  collected  in  1.5-ml 
conical  tubes  containing  1/10  volume  1  M  TRIS  (pH  8.0).  In  order 
to  carry  out  in  vivo  experiments,  approximately  400  mg  alGF-IR 
scFv-Fc  was  purified  from  approximately  10 1  cell  culture 
supernatants. 

Determination  of  binding  affinity  of  alGF-IR  for  IGF-IR 
by  surface  plasmon  resonance 

The  affinity  constants  of  1H7  and  alGF-IR  scFv-Fc  were  de¬ 
termined  using  a  BIAcore  instrument  (BIAcore  Inc.,  Piscataway, 
N.J.)  as  previously  described  [22,  26].  Analytes  such  as  1H7  (10, 
33,  133,  and  200  nM)  and  alGF-IR  scFv-Fc  (33,  66,  166,  and 
400  nM)  were  passed  over  the  IGF-IR-immobilized  chips 
(0.3  pg/chip)  at  a  flow  rate  of  5  pl/min.  The  rates  of  association 
(ka)  and  dissociation  (Ard)  were  determined,  using  the  kinetics 
evaluation  software  package  (BIAcore,  Inc.),  and  the  thermo¬ 
dynamic  association  constant  (K/J  was  derived  by  dividing  (/ca) 
by  (kd). 


In  vivo  experiments 

Human  prostate  PC-3  and  human  breast  MCF-7  cell  lines  were 
obtained  from  American  Type  Culture  Collection  (Rockville,  Md.). 
MCF-7  cells  were  cultured  in  Dulbecco’s  modified  Eagle’s  medium 
supplemented  with  5%  fetal  calf  serum.  PC-3  cells  were  cultured 
in  RPMI-1640  supplemented  with  10%  fetal  calf  serum,  2  mM 
L-glutamine,  and  1  mM  sodium  pyruvate. 

Female  athymic  mice  (BALB/C  nude,  Charles  River  Facility  for 
NCI,  Fredrick,  Md.),  4  weeks  old,  that  had  received  a  0.25-mg  170- 
estradiol  pellet  1  week  previously  [2]  were  inoculated  in  the  flank 
with  107  MCF-7  cells  (day  0).  On  day  3,  intraperitoneal  or 
subcutaneous  injections  near  the  tumor  sites  of  alGF-IR  scFv-Fc 
into  each  of  three  mice  (500  pg/0.1  ml  phosphate-buffered  saline, 
PBS/mouse,  twice  a  week)  started,  and  continued  for  2  weeks. 
Control  mice  received  PBS.  Tumor  sizes  were  measured  at  regular 
intervals.  Tumor  volumes  (mm3)  were  calculated  by  the  formula 
(width)2  x  length/2. 

Effects  of  alGF-IR  scFv-Fc  administration  on  prostate  cancer 
PC-3  tumor  growttvin  vivo  were  examined  in  male  athymic  mice. 
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Athymic  mice,  3  weeks  old,  were  inoculated  in  the  flank  s.c.  with 
2  x  106  PC-3  cells  on  day  0.  On  day  5,  aIGF-IR  scFv-Fc  treatment 
started;  intraperitoneal  injections  of  aIGF-IR  scFv-Fc  were  given 
to  six  mice  (500  ^ig/0.1  ml  of  PBS/mouse)  twice  weekly  while  six 
control  mice  received  PBS.  Tumor  growth  was  measured  as 
described  above. 


Other  methods 

Cell  growth  was  measured  by  the  3-(4,5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium  bromide  methods  using  NIH3T3  cells 
expressing  human  IGF-IR  as  previously  described  [41,  44].  Purifi¬ 
cation  of  the  IGF-IR  was  carried  out  as  previously  published  [18]. 
Binding  and  autophosphorylation  activities  of  the  purified  IGF-I 
receptor  in  the  presence  of  different  concentrations  of  mAb  or 
aIGF-IR  scFv-Fc  were  measured  as  previously  described  [20,  41, 
43].  Results  of  cell  or  tumor  growth  are  expressed  as  means  ±  SE 
from  five  or  six  experiments.  An  unpaired  Student’s  t-test  was  used 
to  compare  the  growth  between  two  groups  of  experiments. 


Results 

Cloning  of  the  variable  domains  of  1H7 
and  verification  of  the  amino  acid  sequences 

The  N-terminal  amino  acid  sequences  of  the  heavy  and 
light  chains  of  1H7  were  determined  to  be  EV- 
KYYESGGGLVKPG  and  DIVMTQSHKFMSTSV 
respectively.  Degenerate  oligonucleotides  used  as  5TPCR 
primers  were  synthesized  on  the  basis  of  the  N-terminal 
sequences  of  heavy  and  light  chains  of  1H7  whereas 
conserved  amino  acid  sequences  in  the  constant  regions 
of  murine  IgGl  heavy  and  light  chains  were  used  to 
design  3TCR  primers  (Table  1). 

DNA  sequences  of  the  400-bp  insert  from  four  in¬ 
dependent  Vh  DNA  clones  matched  each  other  and  the 
deduced  amino  acid  sequence  (133  amino  acids)  was 
closely  related  to  published  IgG  heavy-chain  subgroup 
HID  sequences  [15].  DNA  sequences  of  the  360-bp  in¬ 
sert  from  three  independently  amplified  VL  DNA 
clones  matched  each  other  completely.  Its  deduced 
amino  acid  sequence  (121  amino  acids)  was  very  similar 
to  the  k  light-chain  Y  sequences  [15].  Cloned  VH  and 
VL  regions  of  1H7  were  consistent  with  the  respective 
N-terminal  amino  acid  sequences  as  determined  by 
Edman  degradation  as  well  as  the  masses  of  and/or 
amino  acid  sequences  of  tryptic  peptides  derived  from 
1H7  mAb. 


Assembly  of  VH  and  VL  into  a  single-chain 
antibody;  transfection,  expression,  and  detection 
of  aIGF-IR  scFv 

The  aIGF-IR  scFv  gene  was  assembled  by  splice-overlap 
extension  PCR  as  summarized  in  Fig.  2,  and  subcloned 
into  pcDNA3.  Murine  myeloma  Sp2/0  cells  were  trans¬ 
fected  with  pcDNA/alGF-IR  scFv.  Culture  media  of  the 
G418-resistant  transfectants  were  first  examined  by  dot- 
blot  analysis  using  anti-FLAG  antibody.  Some  of  the  23 


positive  clones  identifed  were  further  analyzed  for  ex¬ 
pression  of  aIGF-IR  scFv  mRNA  by  RT-PCR.  Two 
clones  were  found  to  express  aIGF-IR  scFv  mRNA. 


Purification  of  soluble  aIGF-IR  scFvs 

aIGF-IR  scFv  was  purified  by  anti-FLAG  M2  immuno- 
affinity  chromatography  from  150  ml  CM  from  Sp2/0 
clone  45.  Figure  3A  shows  silver-staining  and  immu- 
noblotting  analysis  of  1  pi  each  from  the  concentrated 
eluates  1  and  2,  which  comprised  80  pi  and  180  pi  re¬ 
spectively.  The  silver-stained  protein  band  of  27  kDa 
was  immunostained  with  anti-FLAG  antibody,  indicat¬ 
ing  that  this  protein  is  a  soluble  form  of  aIGF-IR  scFv 
secreted  from  clone  45.  In  eluate  2,  the  scFv  was  purified 
to  about  20%  homogeneity,  with  bovine  serum  albumin 
(57%)  as  a  major  contaminant  (Fig.  3A,  lane  3).  The 
total  aIGF-IR  scFv  protein  in  eluates  1  and  2  was  esti¬ 
mated  to  be  approximately  1.4  pg  in  each  case,  sug¬ 
gesting  that  2.8  pg  aIGF-IR  scFv  protein  was  recovered 
from  1 50  ml  CM.  From  this  purification,  the  level  of 
aIGF-IR  scFv  expression  was  estimated  to  be  approxi¬ 
mately  20  ng/ml  CM. 

To  improve  the  level  of  aIGF-IR  scFv  expression  and 
also  to  produce  a  humanized  anti-IGF-IR  antibody, 
another  soluble  form  of  aIGF-IR  scFv  containing  the 
human  IgGl  Fc  domain  was  constructed  and  stably 
expressed  in  NS0  cells.  Of  16  stable  clones  examined,  6 
were  positive  for  Fc  production  by  ELISA.  aIGF-IR 
scFv-Fc  was  purified  to  homogeneity  from  about  40  ml 
culture  medium  from  two  independent  clones,  1F12  and 
1B8,  by  protein-A-Sepharose  CL  4B  chromatography 
(Fig.  3B).  From  the  culture  medium  of  1F12  (40  ml)  and 
1B8  (38  ml),  1.8  mg  and  3.2  mg  aIGF-IR  scFv-Fc,  re¬ 
spectively,  were  purified.  The  level  of  aIGF-IR  scFv-Fc 
expression  was  thus  calculated  to  be  45  pg/ml  and 
85  pg/ml  for  1F12  and  1B8  respectively.  The  purified 
aIGF-IR  scFv-Fc  was  used  for  biochemical  and  activity 
analyses  of  the  engineered  aIGF-IR  scFvs  as  well  as 
in  vivo  experiments. 


Structural  and  functional  analysis  aIGF-IR  scFv-Fc 

SDS-PAGE  analysis  (7.5%  gel)  under  reducing  condi¬ 
tions  revealed  a  single  protein  band  of  53  kDa  (Fig.  3B, 
lanes  2  and  3),  which  showed  immunoreactivjty  with 
anti-lH7  antibody  (Fig.  3B,  lane  5).  A  single  disulfide- 
linked  protein  of  120  kDa  was  detected  by  SDS-PAGE 
analysis  (5%  gel)  under  nonreducing  conditions  (Fig.  3C 
lane  1  &  2),  indicating  that  aIGF-IR  scFv-Fc  is  a  di¬ 
sulfide-linked  dimer.  Gel  filtration  showed  that  a  single 
protein  peak  eluted  at  the  position  expected  for  the  size 
of  dimer,  indicating  that  aIGF-IR  scFv-Fc  does  not 
form  aggregates  larger  than  a  dimer  in  solution  (data  not 
shown). 

The  first  15  N-terminal  amino  acids  of  the  purified 
aIGF-IR  scFv-Fc  were  sequenced,  which  confirmed  the 
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Fig.  3A-C  Purification  of 
soluble  forms  alGF-IR  scFvs. 
A  Silver  staining  {lanes  1-3) 
and  immunoblotting  {lanes 
4-6 )  of  partially  purified  alGF- 
IR  scFv.  Shown  are  standard 
proteins  (/,  4),  M2  antibody 
column  eluates  1  (2,  5)  and 
eluate  2  (5,  (5).  B  Sodium 
dodecyl  sulfate/polyacrylamide 
gel  electrophoresis  (SDS- 
PAGE)  under  reducing  condi¬ 
tions  followed  by  Coomassie 
staining  {lanes  1-3)  and  immu- 
noblotting  {lanes  4,  5)  of  the 
purified  alGF-IR  scFv-Fc. 
Shown  are  alGF-IR  scFv-Fc 
purified  from  conditioned  me¬ 
dium  of  two  independent  stable 
clones,  1F12  and  1B8,  as  indi¬ 
cated.  C  SDS-PAGE  under 
nonreducing  conditions,  fol¬ 
lowed  by  Coomassie  staining  of 
the  purified  alGF-IR  scFv-Fc 
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authenticity  of  this  recombinant  antibody  and  the 
proper  removal  of  the  signal  peptide.  The  binding  con¬ 
stants  of  1H7  and  alGF-IR  scFv-Fc  for  IGF-IR  deter¬ 
mined  by  BIAcore  were  1  x  109  M-1  and  1  x  108  M”1 
respectively. 


Inhibition  of  IGF-I  or  IGF-II  binding 
to  the  purified  IGF-IR  by  1H7 
or  alGF-IR  scFv-Fc 

Effects  of  alGF-IR  mAb  and  alGF-IR  scFv-Fc  on  IGF-I 
and  IGF-II  binding  to  the  purified  IGF-IR  are  shown  in 
Fig.  4.  alGF-IR  scFv-Fc  inhibited  IGF-II  binding  to  the 
IGF-IR  more  potently  than  IGF-I  binding,  which  is 
consistent  with  the  previous  observations  of  1H7  [20]. 
The  potency  of  inhibition  by  alGF-IR  scFv-Fc  was, 
however,  ten  times  less  than  that  by  1H7,  which  could  be 
explained  by  the  difference  in  their  binding  affinity.  A 
control  2C8  mAb  did  not  inhibit  IGF-I  or  IGF-II 
binding  to  IGF-IR  (Fig.  4). 


Stimulation  of  autophosphorylation 

of  the  purified  IGF-IR  by  alGF-IR  scFv-Fc 

Autophosphorylation  of  purified  IGF-IR  was  compared 
in  the  absence  and  presence  of  IGF-I,  alGF-IR  scFv-Fc, 
1H7,  and  poly  L-lysine  as  a  positive  control.  Both 
antibodies  similarly  stimulated  the  ^-subunit  phospho¬ 
rylation  (Fig.  5).  Stimulation  was  the  highest  with  poly 
(L-Lys)  (12.8-fold)  followed  by  IGF-I  (3.8-fold),  1H7 
(2.3-fold),  and  alGF-IR  scFv-Fc  (1.8-fold).  , 


Effect  of  alGF-IR  scFv-Fc  on  cell  growth 

The  effect  of  extracellular  addition  of  alGF-IR  scFv-Fc 
or  1H7  on  cell  growth  was  determined  by  the  MTT 
method  using  NIH3T3  cells  overexpressing  IGF-IR.  The 
average  results  of  four  independent  experiments  are 
shown  in  Fig.  6.  Cell  growth  was  significantly  inhibited 
after  4  days  of  treatment  with  10  nM  or  100  nM  1H7 
mAb  (Fig.  6A)  (i?  <  0.05).  This  result  is  consistent  with 
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Fig.  4A,  B  Effects  of  alGF-IR  scFv-Fc  and  mAb  on  I25I-IGF-II 
(A)  and  125I-IGF-I  (B)  binding  to  the?  purified  human  IGF-I 
receptor.  The  binding  activity  is  calculated  as  the  percentage  IGF 
binding  in  the  absence  of  antibodies,  and  expressed  as  average  ± 
SD  of  four  independent  experiments  for  A  or  seven  independent 
experiments  for  B,  except  that  two  control  experiments  with  the 
2C8  mAb  were  performed  for  B.  Antibodies  used  are  alGF-IR 
scFv-Fc  (Y),  1H7  (■),  and  control  2C8  (A) 

our  previous  observation,  in  which  the  growth-inhibi¬ 
tory  effect  of  1H7  was  seen,  as  judged  by  [3H]thymidine 
incorporation  into  DNA,  while  2C8  had  no  effect  on 
either  IGF  binding  or  cell  growth,  and  3B7  showed 
stimulation  of  both  IGF  binding  and  cell  growth  [20].  In 
contrast,  alGF-IR  scFv-Fc  was  not  as  effective  as  1H7 
in  inhibiting  cell  growth  (Fig.  6B).  After  4  days  of 
treatment  with  alGF-IR  scFv-Fc,  however,  cell  growth 
appeared  to  be  inhibited  in  a  dose-dependent  manner. 
The  highest  dose  used,  1000  nM  alGF-IR  scFv-Fc,  was 
required  to  inhibit  cell  growth  to  a  level  similar  to  that 
achieved  by  100  nM  1H7.  This  variation  is  presumably 
due  to  the  difference  in  their  affinity  for  the  IGF-IR. 


Effect  of  alGF-IR  scFv-Fc  on  tumor  growth  in  vivo 

The  aforementioned  results  suggest  that  the  recombi- 
nantly  engineered  alGF-IR  scFv-Fc  retained  character¬ 
istics  similar  to  those  of  the  parental  1H7  mAb  and  has 
a  sufficiently  high  affinity  for  IGF-IR,  although  it  is 


1  2  3  4  5  6  7 


IGF-I  + 

alGFIR  scFv-Fc 

1H7  ----+  + 

PLL  .  + 

Stimulation  1  3.8  1.8  3.3  2.3  4.1  12.8  Fold 

Fig.  5  Effects  of  alGF-IR  scFv-Fc  and  1H7  on  j?  subunit 
phosphorylation  of  the  purified  IGF-IR.  IGF-IR  was  autophosph- 
orylated  in  the  presence  of  IGF-I  and/or  antibodies  as  indicated. 
Samples  were  analyzed  by  SDS-PAGE  under  reducing  conditions. 
Shown  is  a  phosphoimage  of  the  gel.  Stimulation  for  the  samples 
(i lanes  2-7)  is  calculated  by  dividing  by  the  basal  level  phosphory¬ 
lation  ( lane  1) 

apparently  less  than  that  of  the  parental  1H7  mAb. 
Therefore,  the  effect  of  alGF-IR  scFv-Fc  on  cancer  cell 
growth  in  vivo  was  determined.  In  the  group  treated 
with  ctIGF-IR  scFv-Fc,  three  mice  received  the  antibody 
intraperitoneally  whereas  the  other  three  mice  received  it 
around  the  MCF-7  tumor  site.  The  results  derived  from 
the  two  injection  methods  indicated  no  significant 
advantage  of  one  group  over  the  other.  Thus,  results 
obtained  from  the  two  groups  were  combined  as  one 
ccIGF-IR-scFv-Fc-treated  mouse  group.  Figure  7, 
summarizing  the  in  vivo  experiment,  shows  that  alGF- 
IR  scFv-Fc  inhibited  MCF-7  tumor  growth  in  athymic 
mice.  Although  the  inhibition  was  statistically  significant 
only  on  day  13  (P  <  0.05),  individual  tumor  growth 
curves  indicated  that,  in  four  out  of  six  mice,  MCF-7 
tumor  growth  was  completely  suppressed  from  day  3  to 
day  17  (in  one  case  the  tumor  disappeared),  whereas  in 
two  mice  the  tumor  growth  increased  after  day  13.  In  the 
control  group,  MCF-7  tumor  grew  steadily  from  day  3 
to  day  20  except  in  a  single  mouse.  We  did  not  find  a 
significant  effect  of  odGFTR  scFv-Fc  on  PC-3  tumor 
growth  in  athymic  mice  (Fig.  8)  under  the  same  condi¬ 
tions  in  which  breast  cancer  MCF-7  tumor  growth  was 
significantly  inhibited  in  vivo. 


Discussion 

IGF-IR  is  a  rational  target  for  potential  cancer  thera¬ 
peutics  since  growing  evidence  supports  a  critical  role 
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Fig.  6A,  B  Effects  of  alGF-IR  scFv-Fc  and  1H7  on  cell  growth. 
NIH3T3  cells  overexpressing  IGF-IR  were  cultured  in  Dulbecco’s 
modified  Eagle’s  medium  supplemented  with  2%  fetal  calf  serum  in 
the  absence  (■)  or  presence  of  10  nM  (A),  100  nM  (Y),  or  1000  nM 
(♦)  1H7  (A)  or  alGF-IR  scFv-Fc  (B).  Cell  growth  was  determined 
by  the  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro¬ 
mide  method.  Statistically  significant  difference  between  control 
and  10  nM  or  100  nM  1H7  addition  is  indicated  (*P  <  0.05) 

for  IGF-IR  in  the  pathogenesis  of  various  malignancies, 
including  breast  and  prostate  cancers  [8,  11,  21,  25,  27, 
31].  Genetically  engineered  antibody  against  a  target 
protein  would  not  only  allow  high-level  production  of 
the  antibody,  but  also  provide  a  valuable  resource  from 
which  we  could  further  design  and  develop  second- 
generation  recombinant  antibodies  such  as  tissue-spe¬ 
cific  and  toxin-conjugated  antibodies  [33,  35].  Of  the  two 
single-chain  antibodies  against  the  human  IGF-I  recep- 
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Fig.  7  Breast  cancer  MCF-7  tumor  growth  in  nude  mice  with  or 
without  alGF-IR  scFv-Fc  treatment.  Athymic  mice,  3  weeks  old, 
that  had  received  a  0.25-mg  170-estradiol  pellet,  were  inoculated  in 
the  flank  s.c.  with  5  x  105  MCF-7  cells  on  day  0.  On  day  3,  alGF- 
IR  scFv-Fc  treatment  started:  intraperitoneal  or  local  injections  of 
alGF-IR  scFv-Fc  into  three  mice  each  (0.5  mg/mouse)  twice 
weekly  while  control  mice  received  phosphate-buffered  saline 
(PBS).  Tumor  growth  was  measured  as  described  in  Materials 
and  methods,  normalized  by  the  size  on  day  3  and  expressed  as  the 
means  ±  SE  [n  =  5  and  6  for  the  PBS  (■)  and  alGF-IR  scFv-Fc 
(A)  groups  respectively].  Inhibition  of  tumor  growth  by  alGF-IR 
scFv-Fc  on  day  13  was  statistically  significant  ( P  <  0.05) 
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tor  constructed,  the  expression  level  of  our  first  con¬ 
struct,  alGF-IR  scFv,  in  murine  myeloma  SP  2/0  cells 
was  extremely  low.  In  contrast,  high  production  of  the 
alternative  type,  alGF-IR  scFv-Fc,  was  achieved  by 
expressing  it  in  murine  myeloma  NS0  cells.  In  other 
studies  on  the  expression  of  engineered  single-chain 
antibodies  directed  against  carcinoembryonic  antigen, 
high  expression  levels  have  consistently  been  obtained 
by  using  the  NS0/pEE12  system,  as  compared  to  Sp2/0 
myeloma  cells  or  bacterial  expression  [13]  (and  Wu 
et  al.,  unpublished).  Thus,  favorable  expression  appears 
to  be  a  function  of  the  expression  system  used  rather 
than  of  the  construct.  alGF-IR  scFv-Fc  was  thus  used  to 
confirm  the  authenticity  of  the  genetically  engineered 
anti-IGF-IR  by  comparison  with  the  parental  1H7  mAb, 
and  for  determination  of  the  effect  of  the  anti-IGF-IR 
antibody  on  tumor  growth  in  vivo. 

Two  independent  stable  clones  expressed  alGF-IR 
scFv-Fc  in  conditioned  medium  at  concentrations  of 
40-100  mg/1.  alGF-IR  scFv-Fc  was  purified  from  the 
conditioned  medium  of  the  two  stable  clones  by 
one-step  purification  on  a  protein-A-agarose  column. 
SDS-PAGE  and  gel  filtration  analyses  indicated  that 
alGF-IR  scFv-Fc  is  a  dimeric  antibody.  As  judged  by 
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Fig.  8  Effects  of  alGF-IR  scFv-Fc  administration  on  prostate 
cancer  PC-3  tumor  growth  in  vivo  in  athymic  mice.  Athymic  mice, 
3  weeks  old,  were  inoculated  in  the  flank  s.c.  with  2  x  106  PC-3  ceils 
on  day  0.  On  day  5,  alGF-IR  scFv-Fc  treatment  started: 
intraperitoneal  injections  of  alGF-IR  scFv-Fc  into  each  of  six 
mice  (0.5  mg/mouse)  twice  weekly,  while  control  mice  received 
PBS.  Tumor  growth  was  measured  as  described  in  Materials  and 
methods,  and  expressed  as  means  ±  SE  [n  —  6  for  both  the  PBS 
(■)  and  alGF-IR  scFv-Fc  (A)  groups] 
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its  effect  on  the  inhibition  of  IGF  binding  to  IGF-IR, 
IGF-IR  /}  subunit  autophosphorylation,  and  cell 
growth  in  vitro,  alGF-IR  scFv-Fc  retained  the  overall 
characteristics  of  the  parental  1H7  monoclonal 
antibody.  The  observed  differences  between  alGF-IR 
scFv-Fc  and  1H7  can  be  attributed  to  the  binding  af¬ 
finity  of  the  former  for  IGF-IR,  which  was  estimated  to 
be  approximately  108  M""1  and  was  one  order  of  mag¬ 
nitude  lower  than  that  of  1H7  monoclonal  antibody. 
Of  the  two  stable  clones  we  originally  characterized,  the 
1B8  clone  has  been  used  to  purify  about  400  mg 
alGF-IR  scFv-Fc  to  date. 

In  this  study,  autophosphorylation  of  IGF-IR 
in  vitro  and  inhibition  of  IGF-dependent  cell  growth  by 
the  parental  1H7  mAb  and  alGF-IR  scFv-Fc  were 
measured  to  verify  the  authenticity  of  the  recombinant 
antibody.  It  should  be  noted  that  the  antibodies  against 
IGF-IR,  which  can  stimulate  IGF-IR  autophosphory¬ 
lation,  inhibited  cell  growth.  These  two  events  are 
apparently  contradictory.  Although  the  inhibitory  effect 
of  1H7  on  monolayer  cell  growth  was  observed  with 
NIH  3T3  cells  overexpressing  IGF-IR,  inhibition  of  the 
growth  of  cancer  cells  including  MCF-7  cells  was  not 
significantly  seen  (data  not  shown).  The  fact  that  MCF-7 
tumor  growth  was  inhibited  by  alGF-IR  scFv-Fc  in  vivo 
supports  the  notion  that  IGF-IR  is  not  required  for 
monolayer  cell  growth,  but  is  necessary  for  anchorage- 
independent  growth. 

Injection  of  alGF-IR  scFv-Fc  (500  pg/mouse,  twice  a 
week)  significantly  suppressed  MCF-7  tumor  growth  in 
athymic  mice.  Similar  in  vivo  experiments  have  been 
repeated  four  times  with  reproductible  results.  Arteaga 
et  al.  previously  reported  that  aIR-3  did  not  inhibit 
MCF-7  tumor  growth  while  it  inhibited  MDA-231  tu¬ 
mor  growth  effectively  in  athymic  mice  [1].  In  the  same 
report,  they  showed  that  aIR-3  significantly  inhibited 
anchorage-independent  growth  of  both  MCF-7  and 
MDA231  cells  in  vitro.  In  contrast  to  the  results  re¬ 
ported  by  Arteaga  et  al.,  we  found  that  MCF-7  cell 
growth  was  inhibited  in  vivo.  The  difference  between 
their  results  for  MCF-7'  tumor  growth  inhibition  and 
ours  may  be  due  to  the  clonal  difference  between  the  two 
MCF-7  clones.  The  MCF-7  clone  we  used  was  originally 
derived  from  ATCC.  Although  the  original  clone  does 
not  produce  a  detectable  level  of  IGF-II,  the  MCF-7 
clone  used  in  this  study  produces  IGF-II  at  approxi¬ 
mately  one- tenth  the  level  reached  by  PC-3  cells  [44]. 
This  clone  is  estrogen-receptor-positive  and  does  not 
grow  without  estrogen  supplementation.  Thus,  the  in¬ 
hibitory  effect  of  alGF-IR  scFv-Fc  on  MCF-7  tumor 
growth  cannot  be  observed  in  the  absence  of  17/J-estra- 
diol.  We  previously  determined  IGF-IR  numbers  in 
breast  cancer  cell  lines  by  radioimmunoassay,  which 
indicated  that  MCF-7  cells  express  110  ng  receptors/106 
cells  whereas  MDA231  cells  express  a  very  low  level  of 
IGF-IR,  1.8  ng  receptors/106  cells  [28].  In  contrast  to  the 
inhibition  of  MCF-7  tumor  growth,  we  found  that 
growth  of  PC-3  tumor  was  not  significantly  inhibited  by 
alGF-IR  scFv-Fc  in  athymic  mice.  It  is  known  that  the 


response  of  MCF-7  cells  to  IGF  is  much  more  sensitive 
than  that  of  PC-3  cells  [25,  17].  Our  in  vivo  experiments 
are  consistent  with  the  notion  that  the  number  of  IGF- 
IR  determines  IGF  responsiveness  and  also  sensitivity  to 
the  inhibition  of  tumor  growth  mediated  by  anti-IGF-IR 
antibody. 

In  this  study,  we  have  shown  the  initial  character¬ 
ization  of  recombinant  anti-IGF-I  receptor  single-chain 
antibodies.  The  major  advantage  of  single-chain  anti¬ 
bodies  over  the  parental  1H7  mAb  is  that  we  can  readily 
design  and  produce  recombinant  antibodies  with  addi¬ 
tional  functions  such  as  enzyme-  or  toxin-conjugated 
antibodies.  The  alGF-IR  scFv-Fc  is  one  such  example: 
a  chimeric  antibody  incoporating  the  human  IgGl  Fc 
domain.  As  described  for  alGF-IR  scFv-Fc,  the  ad¬ 
vantages  of  this  format  include  humanization  of  the 
murine  mAb,  improved  levels  of  expression,  and  ease  of 
purification  via  protein  A  affinity  chromatography.  One 
disadvantage  we  found  is  that  the  alGF-IR  scFv-Fc 
shows  a  lower  affinity  than  that  of  the  parental  mAb,  as 
often  seen  with  recombinant  scFv.  In  conclusion,  this 
study  suggests  that  alGF-IR  scFv-Fc  is  a  first-genera¬ 
tion  recombinant  alGF-IR  that  is  useful  for  the  poten¬ 
tial  development  of  future  alGF-IR  therapeutics. 
Mechanisms  of  MCF-7  tumor  growth  inhibition  and 
effects  of  alGF-IR  scFv-Fc  immunotherapy  in  con¬ 
junction  with  chemotherapy  are  currently  under  inves¬ 
tigation. 
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A  quantitative  reverse  transcription 
and  polymerase  chain  reaction  assay 
for  human  IGF-II  allows  direct 
comparison  of  IGF-II  mRNA  levels  in 
cancerous  breast,  bladder,  and 
prostate  tissues 
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Summary  Previously,  we  showed  by  in  situ  hybridization  that  insulin-like  growth  factor  (IGF)-II  is  upregulated  in 
approximately  50%  of  prostate,  breast,  and  bladder  tumours.  In  this  study,  a  quantitative  competitive  reverse 
transcription  and  polymerase  chain  reaction  (QC  RT-PCR)  assay  was  established  and  used  to  quantify  human  IGF-II 
mRNA  levels  in  cells  and  tissues.  In  this  QC  RT-PCR  assay,  a  competitor  IGF-II  RNA,  prepared  from  a  newly 
constructed  plasmid  encoding  the  human  IGF-II  sequence  with  a  110-bp  fragment  inserted,  was  added  to  RNA 
samples  prior  to  RT-PCR.  The  human  IGF-II  specific  QC  RT-PCR  assay  has  allowed  us  to  readily  compare  the  levels 
of  IGF-II  mRNA  in  human  tissues  and  cultured  cells.  Consistent  with  our  previous  observations  by  in  situ  hybridization, 
IGF-II  mRNA  was  up-regulated  in  50%  of  cancerous  breast  tissues  examined  as  compared  to  the  matching  benign 
tissues,  and  IGF-II  mRNA  levels  were  higher  in  bladder  tumours  than  breast  and  prostate  tumours.  In  summary,  we 
present  here  quantitative  data  confirming  that  a  subclass  of  breast  cancer  samples  has  elevated  levels  of  IGF-II 
transcripts  by  the  new  competitive  RT-PCR  assay.  ©  2000  Harcourt  Publishers  Ltd 

Key  words:  insulin-like  growth  factor,  competitive  RT-PCR,  gene  expression,  human,  breast  cancer,  prostate, 
bladder. 


INTRODUCTION 

Insulin- like  growth  factor  (IGF) '-II  is  a  single  chain 
polypeptide  of  67  amino  acid  residues,  that  has  amino 
acid  homology  with  IGF-I  and  proinsulin1.  Both  IGF-I 
and  IGF-II  bind  to  the  IGF-I  receptor  with  high  affinity, 
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which  initiates  mitogenic  and  anti-apoptotic  responses  in 
the  cell2'5.  Increased  expression  of  IGFs  in  a  variety  of 
cancer  cells  and  various  tumours  has  been  reported'5. 
Experimental  evidence  suggests  that  IGF-II  may  act  as  an 
autocrine  growth  factor  in  the  pathogenesis  not  only  of 
childhood  cancers  but  also  of  several  types  of  adult  can¬ 
cers2'6-10.  It  has  been  reported  by.  in  situ  hybridization 
(ISH)  and  immunohistochemisry  (IHC)  that  IGF-II  mRNA 
is  highly  expressed  in  adult  cancers  including  cancerous 
breast  and  prostate  tissues11'13.  In  addition,  we  have 
shown  that  IGF-II  is  up-regulated  in  cancerous  cells  of 
more  than  50%  of  prostate,  breast,  and  bladder  tumours 
by  ISH,  IHC,  and  immunoblotting14.  In  this  study,  in 
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order  to  quantitatively  compare  IGF-II  mRNA  levels 
between  benign  and  cancerous  tissues  and  among  differ¬ 
ent  tissues,  we  developed  a  quantitative,  competitive 
(QC)  reverse  transcription  and  polymerase  chain  reaction 
(RT-PCR)  assay.  RT-PCR  provides  a  simple  and  sensitive 
method  as  an  alternative  to  Northern  blot  and  RNase 
protection  assay15.  Other  groups  have  reported  various 
quantitative  RT-PCR  assays  to  measure  human  IGFs,  IGF- 
I  receptor,  IGF  binding  proteins,  and  GH  receptor16-20. 
Although  QC  RT-PCR  for  IGF-I  has  been  reported19,  such 
a  method  is  not  readily  available  for  human  IGF-II.  A 
major  advantage  of  this  method  over  existing  methods  is 
its  sensitivity  for  quantitative  measurement,  which 
allows  us  to  determine  the  IGF-II  mRNA  levels  in  tissues 
with  limited  availability. 

Here,  we  present  the  first  quantitative  data  comparing 
IGF-II  transcripts  in  benign  and  cancerous  tissues  and 
cultured  cells  using  the  QC  RT-PCR  assay. 

MATERIALS  AND  METHODS 

Construction  of  plasmids 

pBluescriptll  KS(+)  (Stratagene,  La  Jolla,  California)  con¬ 
taining  an  approximately  1  kb  EcoRI  fragment  encoding 
the  human  precursor  IGF-II  (911  to  2067  nucleotide)21 
(pBS  KS/IGF2),  was  used  to  generate  a  plasmid  which 
encodes  a  competitor  IGF-II  DNA  sequence  as  schemati¬ 
cally  summarized  in  Fig.  1.  pBS  KS/IGF2  was  digested  by 
EcoRI  and  the  EcoRI  fragment  was  ligated  into  the  EcoRI- 
digested  pBS  SK  vector.  Escherichia  coli  transformants 
containing  the  insert  with  the  opposite  direction  to  the 
original  IGF-II  clone  were  selected  by  restriction  enzyme 
analysis  using  Xhol  and  PvuII.  Since  the  EcoRI/EcoRI 
insert  as  well  as  multi-cloning  sites  contained  unique  Sail 
and  Xhol  sites,  the  pBS  SK/IGF2  plasmid  was  digested  by 
Xhol,  from  which  the  small  Xhol/Xhol  fragment  was 
removed.  Ligation  of  the  remaining  Xhol  fragment 
resulted  in  pBS  SK/IGF2S  encoding  the  shortened  IGF-II 
sequence  which  contained  a  unique  Sail  site.  To  this  Sail 
site,  a  1 1 0  bp  Sall-Sall  DNA  was  inserted.  The  new  plas¬ 
mid,  pBS  SK/IGF2C,  yielded  restriction  enzyme  maps  of 
1506,  683  and  463  bp,  whereas  the  original  pBS 
SK/IGF2S  revealed  restriction  enzyme  maps  of  1506,  683 
and  353  bp  with  PvuII  digestion.  Since  the  110  bp 
Sall/Sall  fragment  was  inserted  into  the  site  between  the 
two  PCR  primers,  RT-PCR  of  the  competitor  RNA  and 

Fig.  1  Construction  of  the  competitor  IGF-II  plasmid.  pBluescript 
KS  containing  approximately  1  kb  EcoRI  fragment  encoding  the 
human  precursor  IGF-II  (pBS  KS/IGF2)  was  modified  to  construct 
pBS  SK/IGF2S  and  pBS  SK/IGF2C,  which  were  used  to  transcribe 
authentic  IGF-II  RNA  and  control  competitor  IGF-II  RNA, 
respectively.  The  arrow  (i)  and  P  ■  indicate  the  sites  for  ribozyme- 
cleavage  and  PCR  primers,  respectively. 
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Fig.  2  Summary  of  IGF-II  quantitative  RT-PCR.  (a)  Endogenous  IGF-li  RNA  and  competitor  IGF-II  RNA  which  share  the  same  PCR 
primers  are  illustrated,  (b)  Sources  of  IGF-II  RNA  and  corresponding  RT-PCR  products,  334  bp  or  444  bp,  are  schematically  presented. 


cellular  RNA  should  produce  a  444  bp  band  and  a  334  bp 
band,  respectively  (Fig.  2). 


Synthesis  of  short  authentic  and  control  (competitor) 
IGF-II  RNAs  in  vitro 

The  pBS  SK/IGF2S  and  pBS  SK/IGF2C  (Fig.  1)  were  lin¬ 
earized  by  BamHI  and  Xhol  digestion,  respectively,  and 
used  as  templates  for  in  vitro  transcription.  Transcription 
reaction  was  carried  out  at  37°C  for  1  h  in  20  pi  of  40  mM 
Tris-HCl  buffer,  pH  7.9,  containing  0.4  pg  DNA  template, 
10  units  of  T3  RNA  polymerase  (Promega,  Madison, 
Wisconsin),  20  mM  MgCl2,  lOmM  NaCl,  lOmM  DTT, 
0.5  mM  each  of  ATP,  GTP,  CTP,  and  UTP,  and  40  units  of 
RNasin  (Promega,  Madison,  Wisconsin).  After  transcrip¬ 
tion,  RNA  was  treated  with  5  units  of  RNase-free  DNase  I 
(Promega,  Madison,  Wisconsin)  for  30  min,  and  with 
phenol/chloroform/isoamyl  alcohol  (25/24/1).  RNA  was 
precipitated  with  ethanol,  dissolved  in  20  pi  diethyl- 
pyrocarbonate-treated  water  and  stored  at  -75°C. 


RNA  isolation  from  tissues  and  cells 

Total  RNA  was  prepared  from  frozen  tissues  (20-30  mg) 
or  freshly  harvested  cells  (107  cells)  using  TRIzol  Reagent 
(GIBCO  BRL,  Gaithersburg,  Maryland)  according  to  the 
manufacturer's  protocol.  Prostate  cancer  PC-3  cell  clones, 
which  had  been  stably  transfected  with  pcDNA/ribozyme 
(R)  or  pcDNA  (V;  vector- control)  were  previously 
described22. 

Quantification  of  IGF-II  mRNA  in  cancer  cells  or  tissues 

In  this  report,  two  RT-PCR  methods  were  described.  The 
first  method,  used  for  the  experiments  shown  in  Figs.  3 
and  8,  was  done  with  only  one  concentration  of  the  com¬ 
petitor  (0.1  ng),  which  allows  semiquantitative  determi¬ 
nation  of  relative  IGF-II  mRNA  levels  within  the  same 
experiments  such  as  Figs.  3  and  8.  For  this  set  of  experi¬ 
ments,  either  Northern  blot  analysis  or  measurement  of 
28S  RNA  level  were  used  for  normalization  of  the  RNA 
samples.  The  second  method  was  then  developed  after 
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we  produced  and  confirmed  the  result  shown  in  Figs.  4 
and  5.  The  experiments  shown  in  Figs.  4,  5,  and  7  were 
carried  out  using  random  primers  for  reverse  transcrip¬ 
tion  and  four  competitor  amounts  (0.05,  0.1,  1  and  2  ng). 
For  this  assay,  p-actin  PCR  was  used  for  normalization  of 
the  RNA  samples. 

Reverse  transcription  was  performed  at  42°C  for  50 
min  in  20  pi  of  reaction  mixture  in  the  presence  of  2  pg 
of  total  cellular  RNA  mixed  with  a  set  of  0.05,  0.1,  0.5,  or 

I  ng  of  the  control  competitor  and  150ng  of  Random 
Primers  (GIBCO  BRL,  Gaithersburg,  Maryland).  The  reac¬ 
tion  mixture  consisted  of  50  mM  Tris-HCl,  pH  7.5,  10  mM 
DTT,  75  mM  KCl,  3  mM  MgCl2,  1  mM  of  each  deoxy- 
nucleoside  triphosphate  (dNTP),  200  units  of  Superscript 

II  (GIBCO  BRL,  Gaithersburg,  Maryland),  and  40  units  of 
RNasin  (Promega,  Madison,  Wisconsin).  The  reaction 
was  terminated  by  incubation  at  70°C  for  15  min. 
Alternatively,  RT  was  performed  at  47°C  for  30  min  in  a 
reaction  volume  of  25  pi  in  the  presence  of  2  pg  of  total 
cellular  RNA  mixed  with  0. 1  ng  of  the  control  competitor 
RNA  and  lOpmol  of  the  3'  primer  (5'TTGTCCGGAAG- 
CACGGTCGGA3'),  which  is  complementary  to  IGF-II 
mRNA. 

One  tenth  or  2  pi  of  the  cDNA  obtained  by  RT  reaction 
was  incubated  in  the  presence  of  0.63  units  of  Takara  Taq 
(Fischer  Scientific,  Pittsburgh,  Pennsylvania)  in  25  pi 
of  10  mM  Tris-HCl,  pH  7.5,  containing  0.2  mM  of 
each  dNTP,  2.5  pmol  each  of  32P-labelled  and  unlabelled  5' 
primer  (5'CAATGGGAATCCCAATGGGGAA3')  and  5  pmol 
of  the  3'  primer,  50  mM  KCl,  1.5  mM  MgCl2  and  0.1% 
Triton-X-100.  Reaction  mixtures  were  placed  in  a  DNA 
thermal  cycler  at  94°C  for  2  min,  25  cycles  at  94°C  for  1 
min,  60°C  for  1  min,  and  72°C  for  1  min,  followed  by  72°C 
for  10  min.  The  PCR-amplified  products  were  analysed  by 
electrophoresis  in  a  3.5%  polyacrylamide  gel  in  Tris- 
borate-EDTA  (TBE)  buffer  in  the  absence  or  presence  of  8 
M  urea.  Regular  size  gels  (15x12  cm)  as  well  as  mini  gels 
(8x6  cm)  were  used.  After  electrophoresis,  the  gel  was 
dried  on  Whatman  3  MM  paper.  The  PCR  products  were 
visualized  and  quantitated  using  a  Phosphorlmager 
(Molecular  Dynamics  Inc.,  Sunnyvale,  CA).  Pixel  volumes 
were  calculated  using  Image  Quant  Software. 

For  normalization  of  various  RNA  samples,  p-actin  con¬ 
tent  in  each  sample  was  measured  by  RT-PCR.  PCR  con¬ 
ditions  used  for  p-actin  measurement  were  the  same  as 
above,  with  the  exception  of  the  use  of  1/20  of  cDNA, 
0.4  pM  PCR  primers  (ActinS',  S'-TCATCACCATTG- 
GCAATGAG-3';  Actin3',  5 '- C ACTGTGTTGGC GTAC  AG- 
GT-3'),  and  a  thermocycle  program  of  94°C  for  2  min, 
27  cycles  of  94°C  for  1  min,  58°C  for  1  min,  72°C  for  1 
min,  and  then  at  72°C  for  10  min.  Alternatively,  28S  RNA 
content  in  total  RNA  was  measured  for  normalization  of 
the  samples.  Briefly,  RNA  samples  were  run  on 
2.2  M  formaldehyde  agarose  gel  and  stained  with 


ethidium  bromide  (0.5  pg/ml).  Intensity  of  the  bands  was 
quantitated  by  Alphalmager  2000  (Alpha  Innotech  Co., 
San  Leandro,  CA). 

RESULTS  AND  DISCUSSION 

Determination  of  optimal  conditions  for  RT-PCR 

The  competitor  IGF-II  RNA  prepared  by  in  vitro  tran¬ 
scription  was  used  to  determine  optimum  PCR  condi¬ 
tions  for  quantitation  of  IGF-II  mRNA.  Linearity  of  the 
PCR  products  was  observed  up  until  28  PCR  cycles 
under  the  conditions  used  (Fig.  3a).  The  results  shown  in 
Fig.  3b  indicate  that  0.01  to  100  ng  of  IGF-II  RNA  per 
assay  is  in  the  optimum  range  for  this  assay.  The  opti¬ 
mum  ratio  of  the  competitor  and  authentic  IGF-II  RNA 
was  next  determined  by  employing  RT-PCR  on  sets  of  dif¬ 
ferent  ratios  (from  20  to  0.05).  A  typical  result  is  summa¬ 
rized  in  Fig.  4,  which  clearly  indicates  that  10-fold 
differences  in  the  ratio  still  result  in  quantitative  mea¬ 
surements.  It  should  be  noted  that  the  one-to-one  mix¬ 
ture  did  not  give  an  expected  result.  When  control  IGF-II 
and  authentic  IGF-II  were  each  subjected  to  RT-PCR  (Fig. 
4A  lane  11  and  12,  respectively),  PCR  of  the  latter 
resulted  in  only  marginally  more  products  than  those 
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Fig.  3  Optimal  conditions  for  RT-PCR.  (a)  Determination  of 
optimal  PCR  cycles,  (b)  Optimal  range  of  IGF-II  RNA  amounts  for 
the  assay. 
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Fig.  4  Determination  of  optimal  control  IGF-ll/authentic  IGF-I!  ratios.  The  optimum  ratio  of  the  competitor  and  authentic  IGF-II  RNA  was 
determined  by  employing  RT-PCR  on  sets  of  different  ratios  of  the  competitor  IGF-II  RNA  and  IGF-II  RNA,  from  the  ratio  of  20  to  0.05. 

(a)  Phospholmage  of  a  polyacrylamide  gel.  Lanes  1-9  contained  the  control  IGF-II/IGF-II  ratios  of  20  to  0.05  whereas  lanes  10-12 
contained  control  IGF-II  alone,  authentic  IGF-II  alone,  and  water,  respectively.  Lane  M  contained  marker  DNAs.  (b)  Quantitation  of 
radioactivity  in  (a)  and  comparison  of  theoretical  and  observed  values.  The  results  shown  in  figures  are  summarized  in  a  table  by  comparing 
theoretical  values  and  observed  values. 
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derived  from  the  former.  When  equal  amounts  of  control 
IGF-II  and  authentic  IGF-II  were  mixed  and  subjected  to 
PT-PCR,  however,  the  product  from  authentic  IGF-II  was 
about  twice  that  derived  from  control  competitor  IGF-II 
(Fig.  4a  lane  5).'  A  similar  two-fold  shift  was  often 
observed  in  several  independent  experiments,  which 
suggests  that  this  may  be  the  limitation  of  this  assay.  It  is 
plausible  that  the  lower  yield  of  PCR  products  from  the 
competitor  IGF-II  RNA  template  as  compared  to  that  of 
the  authentic  IGF-II  RNA  template  is  due  to  the  greater 
length  of  competitor  RNA.  Within  the  same  set  of  experi¬ 
ments,  however,  excellent  reproducibility  was  achieved. 


Quantitation  of  IGF-II  mRNA  in  cells  and  tissues 

Based  on  the  above  results,  total  cellular  RNA  was  used 
to  measure  IGF-II  mRNA  content.  Aliquots  of  0.05,  0.1, 
0.5,  and  1  ng  of  control  competitor  IGF-II  RNA  were 
added  to  2  pg  of  total  RNA  isolated  from  tissues,  and  sub¬ 
jected  to  RT-PCR.  Fig.  5  shows  the  results  of  competitive 
RT-PCR  using  total  RNA  isolated  from  prostate  cancer 
PC-3  cells.  The  same  sets  of  control  competitor  RNA, 
0.05-1  ng,  as  above  were  mixed  with  either  1  pg  or  0.2  pg 
of  total  PC-3  cell  RNA,  and  subjected  to  RT-PCR.  Fig.  5a, 
lanes  5-8  clearly  show  that  all  four  measurements  in  the 
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Fig.  5  Quantitative  RT-PCR  with  cellular  RNA  prepared  from  prostate  cancer  PC-3  cells.  Aliquots  of  0.05,  0.1 ,  0.5,  and  1  ng  of  control 
competitor  IGF-II  RNA  were  mixed  with  either  1  pg  or  0.2  pg  of  total  PC-3  cellular  RNA,  and  subjected  to  RT-PCR.  In  (a),  lanes  5-8  clearly 
show  that  all  four  measurements  in  the  0.2  pg  group  are  in  the  optimum  range,  which  provided  an  average  of  0.16  ng  ±  0.02  (n=4)  (b).  In 
contrast,  two  out  of  four  measurements  were  not  in  the  range  for  the  1  pg  group  as  seen  in  (a)  &  (b)  lanes  3  and  4.  This  deviation  can  be 
detected  from  the  appearance  of  a  smear  in  the  control  IGF-II  in  (a)  lanes  3  and  4,  which  obviously  contributed  to  the  inaccuracy  of 
measurements.  Lane  M  shows  marker  DNAs. 
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0.2  jig  group  were  in  the  optimum  range,  which  provided 
an  average  of  0.16  ng  ±  0.02  (n= 4).  In  contrast,  two  out  of 
four  measurements  were  not  in  the  range  for  the  1  pg 
group  as  seen  in  Fig.  5a  &  b  lanes  3  and  4.  This  deviation 
can  be  predicted  from  a  broad  appearance  of  the  control 
IGF-II  band,  which  obviously  contributed  to  the  inaccu¬ 
racy  of  measurements.  The  estimates  from  two  assays 
(1.0  and  0.5  ng  of  control  IGF-II)  revealed  the  IGF-II 
mRNA  content  of  0.81  ng  in  1  pg  RNA,  which  is  5.1  times 
the  value  obtained  from  the  0.2  pg  RNA  group,  indicating 
that  the  values  nearly  matched  with  the  expected  differ¬ 
ence,  five  times.  These  results  suggest  that  our  new  com¬ 
petitive  RT-PCR  assay  is  applicable  to  the  measurement 
of  IGF-II  mRNA  amounts  in  cellular  RNA. 

Endogenous  IGF-II  mRNA  levels  in  PC-3  cells,  and 
IGF-II  ribozyme-expressing  PC-3  cells 

The  competitive  RT-PCR  assay  was  carried  out  to  mea¬ 
sure  IGF-II  mRNA  levels  in  parental  and  ribozyme(R)-  or 
vector(V)-transfected  PC-3  cells  (Fig.  6).  In  this  experi¬ 
ment,  0.1  ng  of  control  IGF-II  RNA  was  added  to  1  pg  of 
each  cellular  RNA  sample.  When  endogenous  IGF-II 
levels  were  quantified  and  compared  with  that  of 
parental  PC-3  cells,  the  IGF-II  level  in  IGF-II  R-expressing 
clones  was  on  average  reduced  to  approximately  40%  of 
that  in  six  V-transfectants  that  do  not  express  the 
ribozyme.  Since  ribozyme- cleavage  sites  are  between  the 
PCR  primers  (see  Fig.  1),  the  reduction  of  the  PCR  prod¬ 
ucts  in  ribozyme-expressing  cells  indicates  the  presence 
of  active  IGF-II  ribozymes. 

IGF-II  mRNA  levels  in  prostate  cancer,  BPH,  and 
bladder  cancer 

The  competitive  RT-PCR  assay  was  performed,  in  the 
presence  of  four  different  amounts  of  control  IGF-II 
(0.05-1  ng)  for  each  sample,  to  determine  IGF-II  mRNA 
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Fig.  6  Determination  of  endogenous  IGF-II  mRNA  levels  in 
parental  and  IGF-II  ribozyme-expressing  PC-3  cells  by  IGF-II  semi- 
quantitative  RT-PCR.  One  pg  of  total  RNA  prepared  from  parental 
PC-3  cells  (lane  2)  or  IGF-II  ribozyme-(R)  or  vector-(V) 
transfectants  (lanes  3-13)  was  subjected  to  RT-PCR  in  the 
presence  of  0.1  ng  control  competitor  IGF-II  RNA  (lanes  3-13) 

(22).  Lane  1  shows  a  RT-PCR  product  derived  from  0.1  ng  control 
competitor  IGF-II  RNA  alone. 


contents  in  2  pg  of  total  RNA  prepared  from  breast, 
prostate,  and  bladder  tissues.  Unlike  cultured  cells,  how¬ 
ever,  the  quality  of  RNA  prepared  from  patient  tissues  is 
expected  to  be  variable  due  to  the  different  condition  of 
the  tissues.  It  is  therefore  necessary  to  normalize  the  data 
by  the  amount  of  ubiquitous  RNA  such  as  p-actin  and 
28S  RNA  in  each  sample.  The  normalized  values  of  the 
results  are  shown  in  Fig.  7.  Although  sample  numbers  are 
limited,  bladder  cancer  tissues  apparently  expressed  IGF- 
II  mRNA  more  abundantly  than  breast  and  prostate  can¬ 
cer  tissues,  which  is  in  agreement  with  our  previous 
observation14.  IGF-II  expression  in  breast  tissues  was  gen¬ 
erally  low  except  for  two  cases  (N2  and  C7).  N2  and  C7 
represent  normal  and  cancerous  areas  of  the  breast  tissue 
from  one  patient  with  breast  cancer,  which  indicates  that 
this  particular  breast  expresses  an  unusually  high  level  of 
IGF-II  mRNA.  In  this  case,  the  IGF-II  mRNA  level  in  the 
cancerous  area  was  lower  than  that  of  the  benign  area.  It 
is  interesting  to  note  that  IGF-II  mRNA  levels  were  simi¬ 
larly  high  in  four  out  of  six  breast  tissue-derived  RNA 
shown  in  Fig.  8.  (Note  that  the  results  obtained  in  this 
experiment  cannot  readily  be  compared  to  the  results  in 
Fig.  8  because  the  latter  was  done  using  semi- quantita¬ 
tive  RT-PCR.)  Our  recent  analysis  of  IGF-II  mRNA  levels 
in  T6 1  tumour,  which  expresses  IGF-II  and  grows  in  an 
IGF-II  dependent  manner23,  by  the  multiple  competitor 
method  revealed  0.20-0.22  ng  IGF-II  mRNA.  This  value 
is  comparable  to  the  high  levels  seen  in  one  breast  cancer 
patient  (N2  and  C7). 

IGF-II  mRNA  levels  in  pairs  of  cancerous  and  normal 
areas  from  breast  cancer 

IGF-II  expression  in  three  pairs  of  benign  and  cancerous 
breast  tissues  was  determined  by  the  competitive  RT-PCR 
in  the  presence  of  0.1  ng  of  control  IGF-II  (Fig.  8a). 
Cellular  IGF-II  RNA  levels  were  normalized  by  the 
amount  of  28S  RNA  in  each  RNA  preparation  (Fig.  8b).  In 
cases  2  and  3,  much  higher  expression  of  IGF-II  mRNA 
was  apparent  in  cancerous  breast  than  benign  breast, 
whereas  no  significant  difference  was  observed  with  case 
1 .  The  results  of  four  cases  are  consistent  with  our  previ¬ 
ous  ISH  studies  in  that  an  elevated  IGF-II  mRNA  expres¬ 
sion  was  observed  in  approximately  50%  of  breast  cancer 
samples  examined14. 

In  summary,  we  presented  for  the  first  time  quantita¬ 
tive  data  confirming  that  a  subclass  of  breast  cancer 
samples  has  elevated  levels  of  IGF-II  transcripts  by  the 
new  competitive  RT-PCR  assay. 
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Fig.  7  IGF-II  mRNA  levels  in  breast,  prostate,  and  bladder  tissues  as  determined  by  quantitative  RT-PCR.  Competitive  RT-PCR  assay  was 
performed  in  the  presence  of  four  combinations  of  control  IGF-II  (0.05-1  ng)  for  each  sample  as  described  in  Fig.  5  to  determine  IGF-II 
mRNA  amounts  in  2  gg  of  total  RNA  prepared  from  breast,  prostate,  and  bladder  tissues.  Two  examples  are  shown  in  A  and  B,  which 
correspond  to  prostate  cancer  (C2)  and  bladder  cancer  (C4),  respectively  in  C.  The  values  are  normalized  by  the  p-actin  content;  that  is,  by 
multiplying  by  a  correction  factor  calculated  from  [(3-actin  content  in  each  RNA  samp!e]/[average  p-actin  content  in  all  the  samples]. 
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Upregulation  of  insulin-like  growth  factor  (IGF)-II 
expression  has  been  reported  for  a  variety  of  child¬ 
hood  and  adulthood  tumors.  We  determined  1GF-II 
gene  promoter  usage  in  human  cancerous  and  benign 
tissues  by  semiquantitative  RT-PCR  using  P1-P4- 
specific  primers.  Although  the  human  IGF-II  gene 
structure  is  commonly  thought  to  consist  of  nine  exons 
and  four  promoters,  we  detected  substantial  utiliza¬ 
tion  of  a  previously  reported  exon  4b,  which  is  down¬ 
stream  of  exon  4.  Thus,  exon  4b  was  intensively  stud¬ 
ied  using  4b-specific  primers.  IGF-II  gene  promoter 
usage  is  highly  variable  in  malignant  and  benign 
breast,  prostate,  and  bladder  tissues.  While  a  majority 
of  samples  utilized  P2-P4  promoters  in  a  variety  of 
combinations,  when  quantitated,  P3  and  P4  promoters 
were  much  more  active  than  P2  promoter.  This  study 
not  only  demonstrated  that  IGF-II  gene  promoter  us¬ 
age  is  highly  variable  in  malignant  and  benign  tissues, 
but  suggested  that  alternatively  spliced  exon  4b 
should  be  recognized  as  a  10th  exon.  ©  2000  Academic  Press 


Insulin-like  growth  factor  (IGF)-II  is  a  single  chain 
polypeptide  of  67  amino  acid  residues,  that  has  amino 
acid  homology  with  IGF-I  and  proinsulin  (1).  Both 
IGF-I  and  IGF-II  bind  to  the  IGF-I  receptor  with  high 
affinity,  which  initiates  mitogenic  responses  in  the  cell 
(2-5).  Experimental  and  pathological  evidence  sug¬ 
gests  that  IGF-II  may  act  as  an  autocrine  growth  factor 
in  the  pathogenesis  not  only  of  childhood  cancers  but 
also  of  several  types  of  adulthood  cancers  (2,  6-10).  We 
also  reported  that  over  50%  of  breast,  prostate,  and 
bladder  cancers  contain  malignant  cells  expressing 
IGF-II  by  in  situ  hybridization  (ISH)  and/or  immuno- 
histochemistry  (IHC)  (11). 

Abbreviations  used:  IGF,  insulin-like  growth  factor;  ISH,  in  situ 
hybridization;  IHC,  immunohistochemistry;  RT-PCR,  reverse  tran¬ 
scription  and  polymerase  chain  reaction;  Pl-4,  promoter  1-4;  E, 
exon;  E4b,  exon  4b;  dNTP,  deoxynucleoside  triphosphate. 

1  These  two  authors  equally  contributed  to  this  work. 
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IGF-II  gene  expression  is  regulated  in  a  complex 
manner,  involving  developmentally  regulated  use  of 
four  different  promoters  (P1-P4)  as  well  as  transcrip¬ 
tional  repression  of  the  maternal  allele  due  to  genomic 
imprinting  (12-17).  For  example,  while  only  three  pro¬ 
moters  (P2-P4)  are  used  in  fetal  liver,  in  which  P3  and 
P4  promoters  are  highly  active,  all  four  promoters  are 
used  from  the  age  of  2  months  after  birth  (13,  15).  In 
adult  liver,  IGF-II  transcription  from  PI  and  P4  are 
equally  active  (15).  In  other  tissues,  however,  P3  and 
P4  predominate  during  adult  life.  Enhanced  levels  of 
P3-  and  P4-driven  IGF-II  mRNA  have  been  detected  in 
many  human  tumors  of  different  origin  (6).  Potential 
mechanisms  for  IGF-II  upregulation  thus  far  proposed 
include  biallelic  expression  of  IGF-II  in  tumors  with 
loss  of  imprinting  caused  by  biallelic  activation  of 
P2-P4  (14),  and  IGF-II  overexpression  or  reexpression 
from  P3  promoter  caused  by  inactivation  of  wild-type 
p53  which  normally  suppresses  P3  activity  (17). 

In  order  to  gain  insight  into  transcriptional  regula¬ 
tion  of  the  human  IGF-II  gene  in  cancer,  we  asked 
whether  a  specific  promoter  such  as  P3  or  P4  is  pref¬ 
erably  used  in  cancerous  tissues  or  particular  types  of 
cancer.  Although  the  human  IGF-II  gene  structure 
consisting  of  nine  exons  is  widely  accepted  (18)  and 
commonly  used  (13—16),  in  this  study,  we  detected 
substantial  utilization  of  previously  reported  but  over¬ 
looked  exon  4b  (19),  which  is  downstream  of  exon  4. 

Qualitative  and  semiquantitative  RT-PCR  suggested 
that  IGF-II  gene  promoter  usage  is  highly  variable  in 
malignant  and  benign  breast,  prostate,  and  bladder 
tissues.  While  a  majority  of  samples  utilized  three  pro¬ 
moters,  P2,  P3  and  P4,  in  a  variety  of  combinations, 
when  quantitated,  P3  and  P4  promoters  were  much 
more  active  than  P2.  The  finding  of  the  exon  4b  (E4b) 
transcript  in  a  significant  number  of  samples;  in  liver 
(100%),  placenta  (100%),  cancerous  (50%)  and  benign 
(50%)  breast,  bladder  cancer  (33%)  and  prostate  can¬ 
cer  (17%),  indicates  that  alternative  splicing  involving 
this  exon  generally  occurs  in  human  tissues.  Thus, 
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alternatively-spliced  exon  4b  should  be  recognized  as 
the  10th  exon. 

MATERIALS  AND  METHODS 

Tissues  and  cells .  Human  cancerous  and  benign  tissues  were 
obtained  from  the  Department  of  Anatomic  Pathology,  City  of  Hope 
Medical  Center.  Human  prostate  PC-3,  human  breast  MCF-7,  and 
MDA-157  cell  lines  were  obtained  from  American  Type  Culture  Col¬ 
lection  (Rockville,  MD).  PC-3  cells  were  cultured  in  RPMI1640  sup¬ 
plemented  with  10%  fetal  calf  serum,  2  mM  L-glutamine,  and  1  mM 
sodium  pyruvate.  MCF-7  and  MDA-157  cells  were  cultured  in 
DMEM  supplemented  with  5%  fetal  calf  serum.  Human  neuroblas¬ 
toma  cell  line,  SK-N-AS,  which  can  grow  continuously  in  serum-free 
medium  by  autocrine  growth  stimulation  by  IGF-II,  was  kindly  pro¬ 
vided  by  Dr.  Carol  Thiele,  Pediatric  Branch,  NCI,  and  were  grown  as 
described  (20). 

RNA  preparation .  Total  RNA  was  prepared  from  frozen  tissues 
(20-30  mg)  or  freshly  harvested  cells  (107  cells)  using  TRIzol  Re¬ 
agent  (GIBCO  BRL,  Gaithersburg,  MD)  according  to  the  manufac¬ 
turer’s  protocol. 

RT-PCR.  cDNA  was  synthesized  by  reverse  transcription  (RT) 
from  2  pg  of  total  RNA  in  a  final  reaction  volume  of  20  pi.  RNA  and 
150  ng  of  Random  Primers  (GIBCO  BRL,  Gaithersburg,  MD)  in  10  pi 
of  water  were  placed  in  a  0.2  ml  tube,  incubated  at  70°C  for  10  min, 
and  then  quickly  chilled  on  ice.  To  this  mixture,  were  added  4  pi  of 
5x  First  Strand  Buffer,  2  pi  of  0.1  M  DTT,  2  pi  of  10  mM  dNTP  mix, 
200  units  of  Superscript  II  (GIBCO  BRL,  Gaithersburg,  MD),  and  40 
units  of  RNasin  (Promega,  Madison,  WI)  to  final  concentrations  of  50 
mM  Tris-HCl,  pH  8.3,  75  mM  KC1,  3  mM  MgCl2,  10  mM  DTT,  and  1 
mM  dNTP.  The  reaction  mixture  was  incubated  at  25 °C  for  10  min, 
and  at  42°C  for  50  min.  The  reaction  was  then  terminated  by  incu¬ 
bation  at  72°C  for  15  min. 

Polymerase  chain  reaction  (PCR)  primers  used  in  this  study  are 
listed  in  Table  I.  PCR  conditions  used  for  P2  and  P3  promoter  usage 
analysis  were  as  follows:  PCR  mixtures  (50  pi)  consisted  of  lx  Buffer 
(Qiagen  Inc.,  Chatsworth,  CA),  0.2  mM  dNTPs,  0.6  pM  5'-  and 
3'-primers,  2.5  pi  cDNA,  and  1.25  units  of  Taq  polymerase  (Qiagen 
Inc.,  Chatsworth,  CA).  PCR  was  carried  out  by  a  programmable 
thermocycler  (Perkin-Elmer  Cetus,  Norwalk,  CT)  using  a  program; 
at  94°C  for  2  min,  35  cycles  of  denaturation/annealing/extension 
(94°C  for  1  min,  60°C  for  1  min,  72°C  for  1  min),  and  then  at  72°C  for 
10  min.  Similar  PCR  conditions  were  used  for  PI,  P4,  and  E4b  except 
that  4  pi  cDNA  and  1.25  units  of  Takara  Taq  (Fischer  Scientific, 
Pittsburgh,  PA)  were  used  as  well  as  a  different  thermocycler  pro¬ 
gram  of  94°C  for  2  min,  26  cycles  of  denaturation/annealing/ 
extension  (94°C  for  30  sec,  60°C  for  1  min,  72°C  for  45  sec),  and  then 
at  72°C  for  5  min. 

For  qualitative  analysis,  35  cycles  of  PCR  were  performed,  then  9 
pi  of  the  PCR  products  were  analyzed  by  2%  agarose  gel  electro¬ 
phoresis  and  staining  with  0.00005%  ethidium  bromide  for  20  min. 

Preparation  of  standard  DNAs  and  semi-quantitative  PCR  for  P2, 
P3,  and  P4.  After  completion  of  the  initial  qualitative  analysis 
which  provided  information  on  the  existence  of  transcripts,  it  was 
necessary  to  quantify  the  levels  of  P2,  P3,  and  P4  transcripts  in  order 
to  further  evaluate  the  IGF-II  promoter  usage  in  cancerous  and 
benign  tissues.  Standard  DNAs  corresponding  to  P2,  P3,  and  P4 
transcripts  were  generated  by  RT-PCR  from  total  RNA  isolated  from 
SK-N-AS  cells.  PCR  products  were  separated  by  2%  agarose  gel 
electrophoresis,  and  DNA  of  interest  (P2,  P3,  and  P4)  was  extracted 
from  the  gel  slice  using  QIAquick  gel  extraction  kit  (Qiagen  Inc., 
Chatsworth,  CA).  Concentrations  of  the  purified  DNA  were  deter¬ 
mined  by  measuring  the  optical  density  at  260  nm. 

For  quantitative  evaluation  of  the  IGF-II  promoter  usage  in  vari¬ 
ous  tissues,  PCR  was  carried  out  in  duplicate  as  described  above, 
together  with  two  sets  of  known  amounts  of  DNA  corresponding  to 


TABLE  I 

List  of  PCR  Primers  Used  in  This  Study 

5'-Pl  5'  -CCACTCGCACGGGTAGAGACAGG-3' 

5'-P2A  5 '  -GGCCTCTCTGTCTCCTACGAAGTCC-3 ' 

5'-P2B  5'-GAGACCGAACTCGCGTCTATGCAAG-3' 

5'-P3  5 '  -  AAAGTAC  AAC  ATCTGGCCCGCCC-3 ' 

5'-P4  5 '  -CCTGTGAAAGAGACTTCC  AGCTTCCTC-3 ' 

3'-PlR  5 '  -G  AAACTGC  CTGGAC  GATGATCC  G-3 ' 

3'-P2AR  5'-AACGCCCAGTCCGTTGGAAGAC-3' 

3'-P2BR  5 #  -TCGGGGGCC  ACC  ACGATAATTTG-3 ' 

3'-E7R  5'-GGCCAAGAAGGTGAGAAGCACC-3' 

B1  5 '  -GAAGTGATTGATGGCGGAAGCGGG-3 ' 

B2  5'-CCTTCCCCTTGGCTAGGCTTAGG-3' 

Actin5  5 '  -TC  ATC  AC  C  ATTGGC  AATGAG-3 ' 

Actin3  5'-CACTGTGTTGGCGTACAGGT-3 ' 


each  promoter.  Briefly,  5,  25,  and  100  fg  of  P3  DNA  or  5,  25,  and  75 
fg  of  P4  DNA,  respectively,  were  used  as  templates  for  PCR,  which 
provided  a  standard  curve  for  each  experiment.  Five  pi  of  PCR 
products  from  sample  DNA  and  standard  DNA  were  run  on  a  2.5% 
agarose  gel  side  by  side,  and  stained  with  ethidium  bromide.  Inten¬ 
sity  of  the  bands  was  quantitated  by  Alphalmager  2000  (Alpha 
Innotech  Co.,  San  Leandro,  CA).  Promoter  usage  in  each  sample  was 
then  determined  from  the  standard  curve. 

For  normalization  of  various  RNA  samples,  /3-actin  content  in  each 
sample  was  measured  within  a  linear  range  of  PCR.  PCR  conditions 
used  were  similar  to  those  used  for  P2  and  P3,  with  the  exceptions  of 
using  0.4  pM  of  actin  primers  (Table  I)  and  a  thermocycle  program  of 
94°C  for  2  min,  27  cycles  of  94°C  for  1  min,  58°C  for  1  min,  and  72°C 
for  1  min,  and  then  at  72°C  for  10  min. 

Analysis  of  exon  4b  by  PCR  and  DNA  sequencing.  The  presence  of 
exon  4b  was  examined  by  PCR  amplification  using  5'-P2B  and  3'E7R 
primers,  which  produced  one  192  bp  band.  In  addition,  5'-P2A  and 
3'E7R  were  used  for  PCR,  which  produced  two  major  bands  of  562 
and  398  bp  and  one  minor  —500  bp  band.  The  562  and  398  bp  bands 
derived  from  SK-N-AS  cells  were  isolated  and  subjected  to  DNA 
sequencing.  The  nucleotide  sequences  were  obtained  by  dideoxy- 
mediated  chain  termination  method  using  3'-E7R  as  a  primer. 

Analysis  of  exon  4b  by  primer  extension.  The  3,-P2BR  primer  was 
32P-labeled  by  T4  kinase  (New  England  BioLab,  Beverly,  MA)  in  the 
presence  of  y-32P  ATP  (6000Ci/mmol)  (NEN,  Boston  MA),  and  puri¬ 
fied  by  ethanol  precipitation.  Annealing  was  carried  out  by  incubat¬ 
ing  15  pi  of  10  mM  Tris-HCl,  pH  8.3,  containing  0.15  M  KC1,  1  mM 
EDTA,  total  RNA  (50  or  20  pg  prepared  from  SK-N-AS  cells  or  liver, 
respectively),  and  S2P-labeled  3'-P2BP  primer  at  65°C  for  90  min,  and 
by  cooling  to  room  temperature.  Thirty  pi  of  primer  extension  buffer 
solution  were  added  to  the  annealing  mixture  to  final  concentrations 
of  50  mM  Tris-HCl,  pH  8.3,  50  mM  KC1,  3  mM  MgCl,  20  mM  DTT, 
and  0.15  mM  dNTPs.  Primer  extension  was  performed  at  42°C  for  60 
min  in  the  presence  of  200  units  of  Superscript  II  (GIBCO  BRL, 
Gaithersburg,  MD).  The  reaction  was  terminated  by  adding  105  pi  of 
RNase  reaction  mixture  containing  10  mM  Tris-HCl,  pH  8.0,  0.1  M 
NaCl,  1  mM  EDTA,  100  pg/mi  salmon  sperm  DNA,  and  20  ftg/m\ 
RNase  A.  After  phenol/chloroform  extraction  and  ethanol  precipita¬ 
tion,  primer- extended  products  were  analyzed  by  9%  polyacryl¬ 
amide/7  M  urea  gel  electrophoresis  together  with  5'  end  l7-32P]ATP 
labeled  100  bp  ladder  DNA  molecular  weight  markers. 

RESULTS  AND  DISCUSSION 

IGF-II  gene  promoter  usage  in  human  benign  and 
cancerous  tissues.  Figures  1A  and  B  schematically 
illustrate  the  locations  of  promoters  as  well  as  sets  of 
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FIG.  1.  Human  IGF-II  gene  organization.  (A)  Sets  of  PCR  primers  used  for  detection  of  four  promoters  and  exon  4b.  Locations  of  PCR  primers 
in  relation  to  the  human  IGF-II  gene  structure  are  shown.  The  inset  illustrates  the  details  of  the  exon  4/intron  4/exon  4b  region,  and  the  summary 
of  primer  extension  experiments,  from  which  PCR  primers  B1  and  B2  were  chosen.  (B)  Structure  and  expression  of  the  human  IGF-II  gene.  A 
commonly  used  9  exon-gene  structure  is  aligned  with  the  10  exon-gene  structure.  E4  and  E4b  described  in  this  study  correspond  to  E4  and  L5  in 
the  10  exon-gene  structure  (19,  21).  Five  IGF-II  mRNA  species  are  illustrated  according  to  the  Rotwein’s  review  (21). 


PCR  primers  used  to  detect  each  promoter  and  exon  4b 
in  the  context  of  the  IGF-II  gene  structure.  The  results 
from  qualitative  analysis  are  summarized  in  Table  II. 
Of  breast,  prostate,  bladder,  liver,  and  placenta  tissues 
exaimined,  Pl-specific  transcript  was  found  only  in 
liver  as  expected.  All  other  transcripts  containing  P2, 
E4b,  P3,  and  P4  were  detected  in  liver  and  placenta.  In 
cancerous  and  benign  breast,  prostate,  and  bladder 
tissues,  IGF-II  gene  promoter  usage  was  highly  vari¬ 
able.  While  the  majority  of  samples  contained  one  to 
three  transcripts  in  a  variety  of  combinations,  some 
samples  contained  all  of  P2,  E4b,  P3,  and  P4  tran¬ 


scripts  but  not  PI.  In  breast  cancer,  P2  and  P3  tran¬ 
scripts  (77%)  were  more  abundantly  found  than  P4 
(58%)  transcripts  whereas  in  prostate  cancer,  P3 
(55%),  P4  (61%)  and  P2  (61%)  transcripts  were  equally 
abundant.  At  first  glance,  these  results  do  not  appear 
to  support  our  original  hypothesis  that  certain  promot¬ 
ers  may  be  preferably  used  in  cancerous  tissues  or  in  a 
cancer-specific  manner.  P2  appears  to  be  used  in  can¬ 
cer  cell  lines  such  as  PC-3  and  MDA-157  whereas  all 
promoters  but  PI  were  detected  in  the  transcripts  from 
SK-N-AS  cells.  SK-N-AS  cells  were  thus  used  to  pre¬ 
pare  P2-P4  Specific  DNA  for  standard  curves. 
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TABLE  II 


Human  IGF-II  Gene  Promoter  Usage  in  Cancerous  and  Benign  Tissues 


Tissues  and  cell  lines 

IGF-II  promoter  usage 

Tissues  examined 

PI 

P2 

E4b* 

P3 

P4 

Breast:  Cancer 

0/12 

10/13 

8/13 

10/13 

8/13 

13 

Breast:  Benign 

0/3 

4/4 

2/4 

2/4 

4/4 

4 

Prostate:  Cancer 

0/7 

11/18 

3/18 

10/18 

11/18 

18 

Prostate:  Benign 

0/3 

4/7 

0/7 

3/7 

5/7 

7 

Bladder:  Cancer 

0/6 

5/6 

2/6 

5/6 

6/6 

6 

Bladder:  Benign 

0/2 

2/2 

1/2 

2/2 

2/2 

2 

Liver 

2/2 

2/2 

2/2 

2/2 

2/2 

2 

Placenta 

0/2 

2/2 

2/2 

2/2 

2/2 

2 

SK-N-AS 

- 

+ 

4* 

+ 

4- 

PC-3 

- 

+ 

- 

- 

- 

MCF-7 

- 

- 

- 

- 

— 

MDA-157 

- 

+ 

± 

- 

± 

kb  mRNA**  (Fig.  IB) 

5.3 

—5.0 

-5 

6.0 

4.8 

Note.  Promoter  usage  and  alternative  splicing  were  qualitatively  determined.  Promoter  usage  is  expressed  as  a  number  of  the  positive 
samples  (>4  )/a  number  of  samples  examined.  For  each  cell  line,  promoter  usage  is  expressed  as  yes  (4- )  or  no  (±). 

*  Alternative  splicing. 

**  Five  IGF-II  mRNA  species  are  shown  in  Fig.  IB. 


Since  cancerous  breast  or  prostate  tissues  do  not 
contain  an  homogenous  population  of  cancerous  cells, 
but  also  contain  benign  cells  as  well,  differences  in 
IGF-II  gene  promoter  usage  between  benign  and  can¬ 
cerous  tissues,  if  any,  depend  on  the  proportion  of 
cancerous  cells  in  total  tissues  used.  This  is  obviously 
the  major  disadvantage  of  this  approach  when  com¬ 
pared  to  ISH  or  IHC.  In  addition,  we  have  to  take  into 
consideration  the  fact  that  one  half  of  the  cancerous 
tissues  may  not  express  significantly  higher  levels  of 
IGF-II  mRNA  than  benign  tissue  (11).  Of  four,  five,  and 
two  sets  of  benign  and  cancerous  areas  from  the  same 
breast,  prostate,  and  bladder  tissues,  respectively,  an¬ 
alyzed,  the  promoter  usage  differences  between  benign 
and  cancerous  tissues  were  not  apparent. 

Since  the  above-mentioned  qualitative  analysis  did  not 
provide  us  with  information  on  cancer-specific  IGF-II 
gene  promoter  activation,  quantitative  analysis  was  next 
carried  out.  P2  promoter  usage  was  below  detection  levels 
for  all  the  samples  tested  except  SK-N-AS  cells  which 
was  -5  fg/1  /xg  RNA.  P3  and  P4  promoter  usage  was 
determined  from  respective  standard  curves  within  lin¬ 
ear  ranges  as  shown  in  Fig.  2,  which  ranged  from  0.4- 
800  and  0.5-19  fg/1  /xg  RNA,  respectively.  P3  and  P4 
promoter  usage  in  breast,  prostate,  bladder,  liver,  pla¬ 
centa,  and  SK-N-AS  cells,  which  was  normalized  using 
/3-actin  content,  is  shown  in  Fig.  3.  This  demonstrates 
that  P3  usage  levels  generally  are  higher  than  P4  usage 
levels.  Of  five  cases  of  benign  and  cancerous  areas  of  the 
same  breast  examined,  an  increase  in  IGF-II  promoter 
activity  in  the  cancerous  area  was  observed  in  three  cases 
(Fig.  3A).  Cases  2  and  4  clearly  show  upregulation  of  P3 
and  P4  promoter  usage  in  cancerous  tissues,  respectively. 
P3  usage  in  the  cancerous  area  in  case  5  appears  to  be 


A 


B 


FIG.  2.  Standard  curves  for  P3  (A)  and  P4  (B)  promoters.  For 
quantitative  evaluation  of  the  IGF-II  promoter  usage  in  various 
tissues,  PCR  was  carried  out  in  duplicate  together  with  two  sets  of 
known  amounts  of  DNA  corresponding  to  each  promoter.  Briefly,  5, 
25,  and  100  fg  of  P3  DNA  or  5,  25,  and  75  fg  of  P4  DNA,  respectively, 
were  used  as  templates  for  PCR,  which  provided  a  standard  curve  for 
each  experiment.  Shown  are  typical  examples  of  the  standard  curves. 
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A  Breast 


B  Prostate 


C  Bladder 


16677 


D  Liver,  placenta,  &  neuroblastoma  cells 

90090  40040 


FIG.  3.  Qualitative  analysis  of  P3  and  P4  promoter  usage  in  human  breast  (A),  prostate  (B),  bladder  (C),  liver,  placenta,  and  a  cancer  cell 
line  (D).  Promoter  usage  is  expressed  as  an  arbitrary  number  calculated  by  fg//xg  RNA//3-actin  content  in  density.  Cases  1—5  represent  pairs 
of  cancerous  (C)  and  benign  (N)  tissues  from  the  same  patient,  whereas  the  rest  of  the  samples  did  not  have  matching  paired  tissues.  Two 
independent  liver  or  placenta  tissues  and  neuroblastoma  cancer  cell  line,  SK-N-AS,  were  also  analyzed.  The  levels  of  promoter  usage  are 
shown  in  numbers  for  three  samples  (bladder  C2,  placenta  2,  and  SK-N-AS  cells),  which  contained  exceedingly  high  concentrations  of  P3 
promoter  transcript. 


higher  than  that  of  the  benign  area  although  the  expres¬ 
sion  level  is  marginal.  The  other  two  cases  revealed  the 
opposite  results.  These  results  Eire  consistent  with  our 
previous  observation  that  IGF-II  is  upregulated  in  >50% 
of  breast  cancer  (11).  In  cases  of  prostate  cancer  (Fig.  3B), 
we  did  not  find  upregulation  of  promoter  usage  in  three 
cases  examined.  In  bladder  cancer  (Fig.  3C);  however, 
one  of  two  cases  examined  (case  2)  showed  super  upregu¬ 
lation  of  P3  promoter  as  well  as  significant  up-regulation 
of  P4  promoter  in  the  cancerous  area  as  compared  to  the 
benign  area.  It  is  interesting  to  see  that  the  promoter 
usage  which  is  the  reflection  of  IGF-II  mRNA  expression 
was  highly  variable  between  two  independent  liver  or 
placenta  samples  (Fig.  3D).  In  placenta  2,  P3  usage  was 
the  highest  level  among  all  the  samples  examined.  In 


SK-N-AS  cells,  which  express  high  levels  of  IGF-II,  P3 
transcript  was  found  to  be  —100  times  more  abundant 
than  P4  transcript  (Fig.  3D).  Thus,  IGF-II  promoter  us¬ 
age  in  this  cell  line  is  P3  >  P4  >  P2. 

In  summary,  IGF-II  promoter  usage  is  highly  vari¬ 
able  in  cancerous  as  well  as  benign  tissues.  Semiquan-  y 
titative  analysis,  however,  revealed  that  P3  and/or  P4 
promoter  usage  are  increased  in  cancerous  areas  more 
than  benign  areas  in  three  of  five  paired  breast  tissues 
and  one  of  two  paired  bladder  tissues  examined. 

Confirmation  of  exon  4b  as  a  10th  exon  of  the  human 
IGF-II  gene.  Utilization  of  exon  4b  was  confirmed  by 
PCR  amplification  using  5'-P2B  and  3'E7R  primers, 
which  produced  a  192  bp  DNA.  The  E4b  transcript  was 
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A 


12  3  4 

SK-N-ASl  SK-N-AS  Liver  I  Marker 

Short-  I  Long-  Long-  I  Short-expoaure 

FIG.  4.  Alternative  splicing  involving  exon  4b  and  primer  exten¬ 
sion  from  Exon  4b  to  intron  4.  (A)  Schematic  presentation  of  three 
PCR  products  primed  by  sets  of  5'-P2A,  and  3'-E7R.  Two  major 
bands  with  562  and  398  bp  were  excised  and  sequenced,  which 
revealed  their  sequences  of  Exon  4 —Exon  4b— Exon  7  and  Exon 
4— Exon  7,  respectively.  The  500  bp  minor  band  is  likely  to  be  a 
heteroduplex  as  illustrated.  (B)  Primer  extension.  Reverse  transcrip¬ 
tion  of  SK-N-AS  RNA  and  liver  RNA  priming  with  3aP-labeled 
3'P2BR  resulted  in  discrete  180  and  250  bp  product  (lanes  1  and  2) 
and  a  180  bp  product  (lane  3),  respectively.  Autoradiograms  exposed 
for  16  hr  without  intensifying  screens  (short-exposure;  lanes  1  and  4) 
or  for  3  days  with  2  intensifying  screens  (long-exposure;  lanes  2  and 
3)  are  shown. 


found  in  a  significant  number  of  samples;  in  liver 
(100%),  placenta  (100%),  cancerous  (50%)  and  benign 
(50%)  breast,  bladder  cancer  (33%)  and  prostate  cancer 
(17%)  (Table  II),  indicating  that  alternative  splicing 
involving  this  exon  generally  occurs  in  human  tissues. 
The  finding  that  exon  4b  is  alternatively  spliced  is  also 
supported  by  the  observation  that  the  products  gener¬ 
ated  by  PCR  using  5'-P2A  and  3'E7R  from  many  cDNA 
samples  produced  two  major  bands  of  562  and  398  bp 
and  one  minor  500  bp  band  as  illustrated  in  Fig.  4A. 
The  562  and  398  bp  bands  derived  from  SK-N-AS  RNA 
were  isolated  and  subjected  to  DNA  sequencing,  which 
revealed  that  they  consisted  of  E4-E4b-E7  and  E4-E7, 
respectively  (Fig.  4A).  This  certainly  confirmed  that 
exon  4b  is  alternatively  spliced.  It  should  be  noted  that 
there  is  not  even  one  case  among  the  tissues  examined 
that  the  E4b  transcript  was  present  in  the  absence  of 


P2  transcript.  This  strongly  suggested  that  transcrip¬ 
tion  of  exon  4b  is  under  the  control  of  P2  promoter.  The 
presence  of  this  exon  was  reported  earlier  by  Ikejiri  et 
al.  (19).  It  has  not  been  recognized,  however,  because  it 
was  considered  to  be  a  unique  event  in  a  human  his- 
tocytoma  cell  line.  Instead  of  10  exons,  the  9  exon-gene 
structure  is  usually  used  in  studies  concerning  IGF-II 
gene  regulation  (13-16).  In  the  recent  review,  Rotwein 
presented  the  10  exon- gene  structure  which  was  used 
to  draw  Fig.  IB  (21). 

We,  however,  obtained  three  lines  of  experimental 
evidence  to  support  that  the  “intron  4”  region  approx¬ 
imately  100  bp  upstream  of  IGF2  exon  4b  is  tran¬ 
scribed,  implying  the  presence  of  transcriptional  initi¬ 
ation  sites  proceeding  exon  4b.  First,  primer  extension 
starting  from  exon  4b  resulted  in  a  ~180  bp  prod¬ 
uct  which  was  detected  in  total  RNA  prepared  from 
SK-N-AS  cells  and  liver,  and  a  —260  bp  product  which 
was  a  minor  band  and  only  detected  in  the  former  (Fig. 
4B).  If  all  the  E4b  transcripts  are  the  products  of  P2 
promoter  as  the  result  of  alternative  splicing,  the  ex¬ 
pected  size  for  primer  extension  products  would  be 
>446  bp.  Thus,  the  result  of  primer  extension  experi¬ 
ments  shows  that  transcriptional  start  sites  may  exist 
in  intron  4  between  exon  4  and  4b.  Second,  using  total 
RNA  prepared  from  SK-N-AS  cells,  RT-PCR  with  two 
sets  of  primers,  B2  &  3'-E7R  and  B2  &  3'-P2BR,  re¬ 
sulted  in  PCR  products  of  expected  sizes  (338  and  158 
bp,  respectively).  As  shown  in  Fig.  1A,  inset,  the  primer 
B2  is  located  124  bp  upstream  of  exon  4b  in  the  intron 
4  region.  Since  the  3'-E7R  is  located  in  exon  7,  it  is  not 
likely  that  the  PCR  product  is  transcribed  from  either 
genomic  DNA  or  unprocessed  mRNA.  Third,  when  5' 
primer  Bl,  which  is  located  180  bp  upstream  of  exon 
4b,  was  used  in  place  of  B2,  PCR  did  not  result  in  any 
products.  Again,  if  genomic  DNA  or  unprocessed 
mRNA  contamination  are  responsible  for  those  prod¬ 
ucts,  PCR  with  5'primer  Bl  and  3'primer  3'-E7R  or 
3'P2BR  should  have  produced  corresponding  DNAs. 
Furthermore,  the  same  results  as  the  second  and  third 
lines  of  evidence  were  obtained  when  RT-PCR  was 
performed  on  poly(A)+  RNA  isolated  from  SK-N-AS 
RNA  in  the  presence  of  either  B2  or  Bl  with  both  3' 
primers.  This  again  confirmed  that  the  E4b  transcript 
is  one  of  the  components  of  mRNA.  Finally,  of  16  can¬ 
cerous  and  benign  tissues,  two  livers,  one  placenta,  and 
PC-3  and  MDA-157  cells  examined,  we  did  not  find  any 
other  tissues  or  cells  from  which  PCR  with  B2  &  3'- 
E7R  primers  yielded  a  338  bp  product.  It  can  be  thus 
concluded  that  the  transcript  with  the  intron  4  se¬ 
quence  proceeding  exon  4b  found  in  SK-N-AS  cells  is 
rarely  present  in  other  tissues. 

In  conclusion,  the  present  study  shows  that  IGF-II 
gene  promoter  usage  is  highly  variable  in  malignant 
and  benign  breast,  prostate,  and  bladder  tissues.  When 
quantitated,  P3  and  P4  promoters  are  much  more  ac¬ 
tive  than  B2  promoter.  It  was  not  possible  to  determine 
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specific  promoter  usage  associated  with  breast,  pros¬ 
tate,  or  bladder  cancer.  The  finding  of  the  E4b  tran¬ 
script  in  a  significant  number  of  samples  indicates  that 
alternative  splicing  involving  this  exon  generally  oc¬ 
curs  in  human  tissues.  Thus,  alternatively-spliced 
exon  4b  should  be  recognized  as  the  10th  exon. 
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